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ABSTRACT 


This  report  describes  in  detail  the  technical  progress  node  during 
the  third  six  Months  of  e  three  year  interdisciplinary. research  program 
titled!  "Steerable  Volume  and  Surface  Spin  Waves  in  Ferrlmagnetic  Films". 
One  major  goal  of  the  program  is  the  growth  of  yttrium-iron  garnet  (YIG), 
■ingle  crystals  of  high  quality  in  both  thin  film  end  bulk  form.  Another 
is  the  development  of  novel  techniques  for  controlling  and  studying  energy 
propagation  characteristics  of  volume  end  surface  spin  waves.  One  promis¬ 
ing  technique  for  accomplishing  for  former  is  the  use  of  chemical  vapor 
deposition  (CVD)  and  our  cumulative  progress  with  this  method  is  recounted 
fully.  The  latter  goal  is' being  net  by  a  combination  of  optical  and 
microwave  techniques  used  to  probe  the  dynamics  of  spin  wave  propagation. 
The  optical  experiments  were  described  in  the  lsst  semi  annual  report;  our 
microwave  propagation  studies  of  magnetostatic  surfsce  spin  waves  in  YXC 
slabs  are  presented  herein.  Specifically! 

Single  crystal  films  of  YIG  up  to  2.4  microns  thick  were  grown  epi¬ 
taxially  on  nonmagnetic  garnet  substrates.  The  films  were  deposited  by 
the  chemical  reaction  of  gaseous  yttrium  and  iron  chlorides  with  water 
vapor  and/Or  oxygen  in  an  open  system  et  1200*C  end  2.5  Torr.  ferromag¬ 
netic  resonance  llnewldths  in  the  range  of  one  oersted  snd  highly  uniform 
domain  patterns  were  observed  on  smooth  and  crack-free  films  deposited  on 
GGG. 

The  thermodynamic  characteristics  of  the  system  were  examined  through 
computer  calculations  of  the  equilibrium  gas  phase  composition  and  of  the 
free  energy  changes  for  deposition  of  various  oxide  phaaes.  Certain  ex¬ 
perimental  results  are  explained  and  the  theoretical  effects  of  changing 
certain  growth  conditions  are  examined  using  the  results  of  the  calcula¬ 


tions. 


t 

It  Is  proposed  that  the  absence  of  vapor  phase  nudeation  et  low 
pressure  and  the  relatively  low  rates  of  deposition  In  the  present  system 
are  due  to  the  high  gas  velocity  through  the  deposition ’cone  et  reduced 
pressure. 

The  propagation  of  surface  waves  along  a  ferrite  slab  surface  trans¬ 
versely  magnetized  In  an  arbitrary  direction  is  studied  theoretlcelly  and 
experimentally. 

First ,  propartlas  of  volume  magnetostatic  waves  are  reviewed.  The 
approach  and  techniques  used  are  then  applied  to  the  case  of  surfece  waves. 

Normal  modes  of  a  transversely  magnetised  ferrite  slab  are  solved. 
Non-reciprocal  surface  modes  with  a  well  defined  frequency  band  are  shown 
to  exist  only  when  the  angle  between  the  magnetisation  end  the  slab  surface 
la  smaller  than  a  certain  critical  angle.  Beyond  that  angli,  only  discrete 
volume  modes  can  bo  supported.  Furthermore!  the  surfece  wavo  propagation 
constant  and  transverse  mode  pattern  are  controlled  by  the  magnetisation 
direction.  The  possibility  of  switching  surface  modes  Is  discussed. 

Experiments  conducted  for  surface  waves  et  3.0  to  4.0  C.HZ.  using  fine 
wire  excitation  ere  discussed.  The  notarial  used  Is  a  YIO  single  crystal 
slab  with  a  (llu)  plane  surface  but  msgnetlsed  transversely  In  (100)  plane. 
Experimental  results  generally  confirm  all  of  the  theoretical  predictions 
except  that  the  measured  pulse  delay  time  deviates  from  the  theory  mainly 
due  to  incomplete  sample  saturation. 


I.  INTRODUCTION 


The  Microwave  and  Quantum  Magnetics  Group  and  the  Crystal  Physics 
Laboratory,  both  within  the  M.I.T.  Center  for  Materials  Science  and 
Engineering,  have  undertaken  a  three  year  interdisciplinary  program  in 
the  area  of  "microwave  magneto-ultrasonics"  aimed  at  further  developing 
several  novel  concepts  which  may  lead  to  new  and/or  Improved  solid  state 
devices  employing  electromagnetlc/spin/elastic  wave  coupling.  Device 
possibilities  Include  multi-tapped  delay  lines,  magnetoelastic  beam 
switches  and  pulse  compression  filters.  In  particular,  the  research  pro¬ 
gram  will  concentrate  on  the  growth  and  exploitation  of  improved  single 
crystal' yttrium  iron  garnet  substrates  in  which  volume  and  surface  spin 
wave  propagating  at  microwave  frequencies  can  be  magnetically  steered 
and/or  otherwise  controlled. 

In  order  to  produce  crystals  of  yttrium  iron  garnet  of  the  quality 
needed  for  the  research  envisioned  in  this  program,  two  major  constraints 
must  be  dealt  with.  First,  the  crystals  must  be  of  the  necessary  high 
quality  to  avoid  introducing  extraneous  effects  due  to  grain  boundaries 
and  strain  Inhomogeneities.  The  chemical  purity  is  of  major  importance 
since  rare  earth  impurities  drastically  increase  spin  wave  relaxation 
rates.  Second,  the  growth  technique  should  permit  ready  fabrication  of 
the  types  of  structures  desired,  sich  as  multl-leycr  configurations  and 
thin  slabs.  Consequently,  both  chemical  vapor  deposition  (CVD)  tech¬ 
niques  and  top  seeded  solution  (TSS)  growth  appear  attractive  and  both 
will  be  employed  throughout  the  entire  contract  period.  11. in  films  and 
bulk  crystal  substrates  will  be  evaluated  optically,  magnetically  and 
acoustically  for  purity,  homogeneity  and  low  loosen.  Promising  specimens 
will  be  used  for  magnetostatic  wave  and  exchange  dominated  s.pin  wave 
propagation  experiments  at  microwavu  frequencies. 


A  surface  spin  wave  propagating  parallel  to  an  air-*crystal  boundary 
of  a  thin  film  has  its  energy  largely  confined  within  some  characteristic 
distance  that  under  certain  conditions  should  be  magnetically  controllable. 
In  one  Instance  causing  the  energy  to  be  closely  confined  to  the  surface 
and  in  another  allowing  it  to  spread  out  and  fill  the  entire  film.  Volume 
spin  waves  are  also  subject  to  magnetic  control.  For  example,  beam  steer¬ 
ing  is  possible  due  to  dipole-dipole  interactions  that  in  turn  can  be 
influenced  through  directional  changes  in  the  magnetizing  field. 

A  high  power  (50  mw)  He-Ne  laser  operating  continuously  at  1.15)1  has 
been  obtained  for  use  in  producing  Bragg  scattering  from  elastic  and  spin- 
elastic  microwave  packets  within  YZG  crystals.  This  high  resolution  system 
which  is  now  operational  forms  the  basis  for  studies  of  spin-elastic  con¬ 
version  in  spatial  and/or  temporal  gradients  of  magnetic  field. 

The  CVD  furnace  is  operational  and  has  to  date  produced  a  number  of 
high  quality  YIG  films.  Microwave  studies  on  the  propagation  of  magneto¬ 
static  surface  spin  waves  have  been  successful  and  have  revealed  the  Im¬ 
portance  of  a  high  degree  of  surface  perfection. 

The  masters  degree  theses  of  R.  Gentilman  and  J.K.  Jao  have  been 
completed  and  form  the  basis  of  this  report. 

Dr.  A.  Linz  has  been  assigned  responsibility  for  overseeing  the  top- 
seeded  solution  crystal  growth  And  chemical  vapor  deposition  program, 
Professor  D.J.  Epstein  for  crystal  evaluation  with  respect  to  magnetic 
properties  and  Professor  F.R.  Morgenthaler  for  microwave  spin  wave  prop¬ 
agation  studies;  as  principal  investigator  the  latter  has  overall  re¬ 
sponsibility  for  coordinating  the  various  phases  of  the  research. 


GROWTH  OF  YTTRIUM  IRON  GARNET  (YIG)  SINGLE  CRYSTAL  FILMS  BY 
CHEMICAL  VAPOR  DEPOSITION  (CVD) 


by 

Richard  Gentilman 


The  material  which  followi  is  identical  in  content  to  a  thesis 
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A.  Yttrium  Iron  Carpet 

Yttrium  Iron  garnet  (YIG)  is  a  mixed  oxide  which  is  ferrimagnctlc 
with  properties  that  find  application  in  magnetic  devices  operating  at 
microwave  frequencies.  YIG  is  one  of  a  class  of  synthetic  materials 
produced  by  making  ionic  substitutions  in  the  mineral  "garnet", 
CajAljSijO^*  The  synthetic  garnets  have  the  general  chemical  formula: 

JVV  *Vj  #r  A3in»sI1Io» 

whets  "A"  is  one  oe  more  of  the  following  trivalent  cations:  Y  or  the 
rers  earths  Pm,  8m,  Eu,  Gd,  Tb,  Dy,  Ho,  Zr,  Tm,  Yb,  end  Lu;  "B"  is  one 
or  more  of:  Pe,  Al,  end  Ca. 

The  garnets  possess  cubic  symmetry  but  not  a  simple  crystal 
structure The  lergs  oxygen  anions  era  not  precisely  close-packed. 

The  "B"  ions  occupy  tstrahedral  sites,  but  the  somewhat  larger  "A"  lone 
are  coordinated  by  8  oxygens  -  four  slightly  more  distant  than  the  others. 
Bight  units  form  s  cubic  unit  cell  of  latice  parameter  12.0  to 

12«sX*  The  room  tempcreturs  lattice  constant  of  YIG  is  12  .37X;  itn  X-rey 
density  is  S.17  g/cc. 

Only  the  iron  garnets  are  ferrlnagnetic.  YIG  hss  a  Curls  temperature 
of  5S0*K  end  the  Curie  points  of  ell  the  other  simp}*  it  on  garnets  fall 

A 

within  about  20*K  of  this  tenporature.  The  room  temperature  saturation 
magnetisation  of  YIG  is  approximately  1700  gauss. 

The  magnetisation  of  YIG,  like  that  of  most  ferrimagnctlc  substances, 
decreases  smoothly  and  monotonlcally  with  increasing  temperature  and  goes 
to  cere  at  the  Curie  point.  However,  certain  rare  earth  Iron  gernetr. 
exhibit  drastically  different  v*.  T  rclr.t  ioiir.hipn  (Figure  1).  Unlike 
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Figure  i*  Temperature*  dependence  of  the  wagnetiretion  of  oomo 
Iron  gamete 
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Y***,  rare  earth  "A"  cations  make  a.  small  but  significant  contribution 

to  the  overall  magnetization  of  the  garnet  -  especially  at  low  temperatures. 

In  some  rare  earth  garnets,  this  contribution  causes  a  see  md  point  of 

zero  magnetization  at  the  "compensation"  temperature  somewhat  below  the 

(2) 

Curie  point  .  By  combining  two  or  more  different  "A"  ions,  it  is 
possible  to  produce  a  garnet  with  a  temperature  dependence  of  magneti¬ 
sation  which  16  a  superposition  of  those  of  the  constituent  simple 
garnets. 

Other  types  of  Ionic  substitutions  are  of  interest.  Replacing 

nonmagnetic  Ca  or  A1  for  Fe  decreases  the  saturation  magnetisation 

(31  111  IV 

approximately  linearly  .  Fa  ions  can  also  be  replaced  by  Si  . 

The  substitution  of  silicon  causes  other  iron  cations  to  become  divalent; 

thus  the  normally  insulating  crystal  becomes  electrically  conductive. 

Other  properties,  such  as  magnetic  anisotropy,  magnetostriction,  and 

lattice  spacing  similarly  can  be  modified  by  mixing  two  or  more 

simple  garnets.  Special  purpose  mixed  garnets  with  up  to  six  different 

cations  have  been  reported  ^ 

The  particular  characteristic  which  makes  the  magnetic  garnets 

attractive  for  microwave  applications  is  low  magnetic  loss  in  this 

frequency  range  compared  with  other  magnetic  materials.  The  parameter 

which  characterises  microwave  losses  is  the  magnetic  resonance  line- 

width.  YIG  has  the  narrowest  llnewidth  of  all  known  magnetic  materials^. 

Due  to  its  low  loss  characteristics,  YIG  classically  has  found  application 

in  various  microwave  magnetic  components  surh  as  isolators,  circulators, 

(7) 

phase  shlftcre,  etc.  •  However,  tho  substitution  of  even  small  amounts  of 

8i*^  for  Fe*11  or  rare  earth  ions  for  Y***  causes  a  greatly  increased 

(8) 


llnewidth  in  YTG 


Many  new  device  applications  and  the  minaturlzatlon  of  existing 

components  can  be  envisioned  if  magnetic  garnets  can  be  prepared  as 

(9) 

thin  single  crystal  films  .  In  particular,  good  quality  films  could  be 
used  ns  magnctoclastic  surface  wave  devices.  It  i e  possible  to  manip¬ 
ulate  or  H6tccr'<  surface  waves  with  magnetic  fieldssuch  that,  in  principle 
signal  processing  can  be  done  on  the  surface  of  the  garnet  filuf.^Whis 
leads  to  the  possibility  of  developing  integrated  microwave  circuitry 
analogous  to  present  day  electronic  integrated  circuits. 

Other  applications  for  magnetic  garnet  single  crystal  films  have 
been  suggested.  One  is  for  the  bubble  domain  memory  currently  under 
development In  this  case,  small  cylindrical  domains  are  created  and 
propagated  digitally  within  the  film  -  each,  "bubble"  corresponding  to  a 
binary  "bit"  of  information.  Pure  YIO  is  not  used  for  bubble  materials 
beesuse  of  the  high  magnetisation.  Instead,  various  ionic  substitutions 
are  made  to  reduce  the  magnetisation  (so  that  4IIM#<5?150  gauss)  and  to 
produce  a  uniaxial  anisotropy. 

An  additional  potential  application  Is  to  exploit  the  magnetooptic 
properties  of  transparent  magnetic  films  In  display  devices. 

In  all  the  applications  discussed,  uniform  and  highly  perfect  films 
are  required. 

B.  Chemical  Vapor  Deposition 

Chemical  vapor  deposition  (CVD)  describes  a  pro.cesa  by  which  a  solid 
phase  is  formed  as  the  product  of  a  chemical  reaction  involving  one  cr 

more  gaseous  species.  CVD  was  first  used  to  form  polycrystalllnc  coatings 

» 

of  refractory  metals  but  has  since  been  used  to  produce  a  multitude  of 

(12) 

metals  ami  compounds  as  polycrystalline  deposits  and  single  crystals  . 

CVD  involves  a  i  aterial  tr.-.nr.port  process  sc.  veil  as  a  chemical 
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reaction  since  the  source  of  the  reacting  geces  must  be  external  to  the 
reaction  zone.  In  flow  systems,  reactant  gases  are  transported  to  and 
by-product  gases  from  the  deposition  zone  by  forced  convection.  In  CVD 
systems,  a  gaseous  metal  halide  is  frequently  used  when  the  vapor  pres¬ 
sure  of  the  pure  metal  is  too  low  at  the  deposition  temperature. 

As  a  crystal  growth  technique,  CVD  offers  several  advantages  over 
other  techniques.  The  growth  process  is  isothermal;  therefore,  strains 
and  other  problems  caused  by  thermal  gradients  inherent  to  pulling 
techniques  are  eliminated.  High  purity  crystals  can  be  attained  because 
all  reactants  are  gaseous  and  the  transport  process  acts  as  a  "distilla¬ 
tion"  against  many  potential  impurities.  Thirdly,  CVD  offers  continuous 
and  Independent  control  over  all  reacting  species  since  the  flows  of  the 
gases  can  be  readily  metered  and  controlled.  This  type  of  control  is 
absent  in  other  crystal  growth  methods  in  which  the  composition  is  fixed 
by  the  Initial  batch  composition. 

Home  unattractive  features  of  CVD  are;  (1)  CVD  systems  are  Inherently 
complicated  due  to  the  number  of  (particularly  composition)  parameters 
which  need  to  be  optimised  and  controlled,  and  (2)  usually  large  single 
crystals  (centimeter  dimensions  or  larger)  are  not  obtained. 

CVD  is  well  suited  to  the  growth  of  epitaxial  single  crystal  films 
by  placing  a  suitable  substrate  single  crystal  in  the  deposition  zone. 

The  process  is  also  ideal  for  creating  composition  gradients  in  crystals 
by  simply  changlug  certain  gas  tlow  rates  with  time. 

C.  Growth  of  YIG  by  CVD 

Previously  reported  systems.  The  first  reported  growth  of  YIG  by 

(1 3) 

CVD  was  Linares  and  McCrew  in  1964  .  Utilizing  the  assumed  overall 


rear t ion; 


3YC13  +  5FcC13  +  12H20  -  Y^Fe^O^  ♦  24HC1 
gas  gas  gas  gas 

at  atmospheric  pressure  and  1050-1150*0,  these  workers  grew  YIC  crystals 

approximately  0.5  inia.  in  sire  for  a  24  hour  run.  The  following  year,  the 

same  workers  reported  the  growth  of  Y1G  films  on  YjAljO^  (TAG),  Y3Ca5°x2 

(YGC) ,  nrnl  Cd^Gn^Oj^  (GGG)  of  sn  estimated  thickness  of  400  X  for  a  two 
(14) 

hour  run  .  In  the  above  work,  a  straight  tube  furnace  with  three 
temperature  rones  was  used.  Crucibles  containing  the  solid  metal  chlorides 
were  placed  in  the  first  two  tones  (Fe&3  at  330  C,  YClj  at  1050  C)  in 
order  to  produce  an  equilibrium  vapor  pressure  of  1  Torr*  The  chloride 
vapors  were  transported  by  a  flow  of  argon  to  the  third  sons  (T  ■  1100*0) 
and  there  reseted  with  "wet”  oxygen. 

Two  years  later,  Mee  et  al.^^  reported  whst  they  called  the  first 
''proven'1  growth  of  cpitaxlsl  films  of  TIG  on  TAG  and  Cd^Fa^O^  (GIG). 

(In  their  paper,  these  workers  presented  arguments  intended  to  discount 
the  results  reported  by  Linares  et  el.).  They  assume  an  overall  reaction 
of: 

3YC13  +  5KcC12  +  i|«20  +  |o2  -  T3Fa5012  +  19HC1 

gas  gas  gas  gas  gas 

and  deposit  films  at  atmospheric  pressure  and  about  1200  C  in  a  T-s.'saped 
reactor.  Later  publications  by  the  seme  workcre^*^ * report 
ferromagnetic  resonance  measurements  on  e  variety  of .  CVD-produced  YIG 
films*  Typical  Inewi^th  values  were  12-15  oersced  for  YIG  on  YAG  and 
0. 6-3.0  oersted  for  YIG  on  GGG.  The  linewldths  for  the  latter  cas^  *rc 
extremely  narrow  zr.d  indicative  of  very  high  quality  single  crystal  YIG. 

The  somewhat  larger  llnewidths  observed  for  YIG  on  YAG  are  'caused  by  the 
rivet  sop  in  the  film  developed  during  cooling  from  the  crystal  growth 
temperature  by  the  thermal  expansion  mismatch  with  the  substrate'  • 
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Robinson  et  al.  have  recently  reported  the  epitaxial  growth  of 

mixed  terbium  erbium  iron  garnet  by  CVD.  The  system  used  was  a  straight 

(14) 

tube  furnace  elallar  to  that  of  Linares  et  al.  .  One  significant 
difference  is  that  no  voter  vapor  was  present  in  the  system.  Oxygen  was 
the  only  oxidizing  gas  Introduced  into  the  deposition  zone. 

ttoin^^  has  reported  the  CVD  growth  of  epitaxial  GIG.  The  system 
and  techniques  used  were  closely  aodeled  after  those  of  Mce  et  a L.^\ 

FI  las  0.3  to  3.0  alcrons  thick  were  grown  during  one  hour  runs  at 
1100-1200*C. 

The  above,  previously  reported  YIG-CVD  systems  have  several  features 
in  common:  (1)  the  reaction  of  the  netal  chlorides  with  wator  vapor 
and/or  oxygen  occurs  at  one  ataosphere  pressure  and  about  1200* C,  (2) 
tha  aetal  chloride  vapors  are  produced  by  subliming  the  solid  chlorides, 
(3)  the  forced  flow  of  an  inert  gas  transports  the  chloride  vapors  to 
the  reaction  sone. 

Nona  of  j'<e  works  report  any  investigation  of  the  thermodynamic  or 
kinetic  characteristics  of  the  CVD  process.  Some  magnetic  characteri¬ 
sation  of  the  films  has  been  reported,  but  no  serlouu  attempt  to  rolotc 
magnetic  properties  to  material  characteristics  or  to  the  costal  growth 
conditions  has  been  reported. 

Comparison  of  present  system  with  previous  systems.  The  crystal 
growth  system  used  in  the  present  work  differs  in  et  least  two  algnlfl- 
cant  respocts  from  the  previous  systems:  (1)  the  reaction  occur®  at 
reduced  pressure  (2-10)  Torr)  and  with  no  appreciable  flow  of  inert 
gno,  and (2)  gaaeous  metal  chlorides  arc  produced  by  direct  chlorination 
of  the  metals: 
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y  +  |cl2  .  YClj 
gas  gas 

Vo  +  2€12  "  KcC13 
gas  gas 

In  these  respects,  the  present  system  is  similar  to  those  used  by  Schaffer 

(22) 

and  Fonutad  et  al.  ,  to  grow  high  quality  bulk  single  crystsls  of  AljO^ 
and  Sn02,  respectively.  In  these  systems,  the  metal  chloride  is  genet? ted 
in  a  chamber  external  to  the  growth  furnace.  In  the  present  system, 
hovover,  the  chlorination  reactions  occur  inside  the  furnace  due  to  the 
higher  temperatures  required  for  suitable  partial  pressures  of  the  chlorides. 

One  major  advantage  of  direct  chlorination  to  produce  the  gaseous 
chlorides  is  that  direct  control  is  available  by  metering  the  flow  of 
chlorine  to  the  reactors  containing  each  mete.  Since  the  chlorination 
raactlons  essentially  go  to  completion  for  a  wide  range  of  temperaturos, 
the  chloride  transport  rate  is,  thus,  Independent  of  temperature  and  is 
determined  by  the  input  chlorine  flow  rate  only.  This  dlract  control  is 
attractive  for  the  growth  of  ternary  compounds  like  Y1G.  It  la  especially 
attractive  for  growing  crystals  with  controlled  composition  gradients 
since  the  chloride  transport  rates  esn  be  systematically  changed  during 
a  run.  The  chloride  transport  rate  for  the  sublimation  method  used  by 
the  previous  works,  however,  depends  upon  temperature,  the  inert  gas 
flow  rate,  and  the  detolls  of  the  gas  flow  patterns  in  the  vicinity  of 
the  crucible  containing  the  solid  chloride. 

1). _ Present  Research  Objectives 

The  object  of  the  present  work  is  to  grow  YIC  as  atraiq-free, 
epitaxial  single  crystal  films  of  suitable  dimensions  on  nonmagnetic 


substrates.  "Suitable  dimensions"  will  be  taken  to  be  a  minimum  of 

4  microns  thick  by  0.5  cm.  on  an  edge.  Films  with  these  dimensions  will 

be  suitable  for  evaluating  prototype  magnetic  device  applications.  In 

order  to  minimise  the  strains,  it  will  be  necessary  to  grow  the  films 

on  substrates  with  similar  thermal  expansion  coefficients.  Fortunately, 

GdjGajOj^  (GGG)  has  a  lottice  constant  nearly  identical  to  that  of  YIG 

and  has  a  considerably  closer  thermal  expansion  match  with  YIG  thAn 

(18) 

other  simple  garnets.  '  GGG  is,  therefore,  an  ideal  substrate.  Good 
quality  Czochralskl  grown  GGG  isnow  commercially  available.  Ultimately, 
the  quality  of  epitaxial  YIG  films  will  be  limited  by  the  quality  of 
the  substrate;  defects  present  in  the  substrate  are  transmitted  to  the 
film  as  it  grows. 

The  present  work  also  will  attempt  to  investigate  the  thermodynamics 
end  the  kinetic  characteristics  of  the  growth  process.  Also,  Initial 
attempts  will  be  made  to  relate  characteristics  of  the  YIG  films  to 
crystal  growth  conditions. 
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A.  pace rlytion  of  the  Sy.tcn 

A  block  diagram  of  die  CVO  lyatca  Is  given  in  Figure  2. 

Pressure  regulated  flows  of  hydrogen,  oxygen,  and  chlorine  (throe 
independent  flows  of  chlorine)  are  no  to  red  through  150  an.  flowaater 
tubes  with  spherical  floats  (Brooks;  Matheson).  The  flownoter  tubea 
were  individually  calibrated  and  considerable  deviation  froa  aanufac- 
turer-cupplled  calibration  curves  was  found*  Hydrogen  and  oxygen 
calibrations  were  Made  with  a  precision  volune  displacement  an ter 
(Matheson).  The  chlorine  flowmeters  were  calibrated  both  by  dlsplace- 
aent  of  a  saturated  chlorine  and  soditm  chloride  aqueoue  eolution  end 
by  displacing  hslAus  into  the  precisian  voluae  aeter.  The  calibra¬ 
tions  obtained  by  these  two  cethods  used  for  chlorine  agreed  to  within 
2  percent. 

TWo  needle  valves  -  one  upstreas  and  one  downstresa  -  sad  e  pres¬ 
sure  gauge  ere  used  with  each  flowaater.  Kith  this  arrangement ,  both 
Hie  pressure  and  the  desired  aster  reading  can  be  adjusted.  This  is 
iaportant  because  the  flowaater  calibration  is  correct  only  for  e 
specific  pressure  (ono  ataosphere).  There  is  e  toggle- type  ehut-off 
valve  in  aeries  with  each  needle  valve  since  the  latter  ere  not  designed 
for  shut-off  purposes. 

rac  metal  chloride  generation  aod  the  CVD  occur  within  a  seeled 
aluwlna  tube  (54  na.  l.D.)  inside  e  glo-bar  heated  furnace.  The  total 
heated  sono  &s  approximately  50  ca.  long.  Temperatures  ere  aonsurod 
with  Pt/Pt-13X  Kh  thermocouples.  In  addition  to  the  glo-bars  running 
parallel  with  furnace  tubo.  there  are  four  glo-bare  perpondicular  with 
it  in  the  second  hclf  of  th.'  h.vtcd  none- .  The  temperatures  of  the  tvo 
anneu  arc  lndopuiufantly  con. rolled  with  SCR-typo  proportional  controllers 


Tignc*  2:  Block  dlagnea  of  tko  CVD 
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The*  details  c ,  the  interior  of  the  furnace  and  the  gas  flow 
patterns  are  shown  in  Figure  3.  The  metal  chloride  generation  occurs 
In  the  first  half  of  the  furnace.  TVo  independent  flows  of  chlorino 
enter  the  st4.il  1  alumina  tubes  containing  the  heatad  yttrium  and  iron 
metals,  respectively.  The  chlorine  reacts  with  the  metal  to  produce 
the  gaseous  metal  chloride.  Yttrium  chloride  and  iron  chloride  exit 
from  the  chlorinator  tubes,  mix  Inside  the  Inner  nossle  tube,  and  pass 
Into  the  deposition  rone  along  the  center  of  the  furnace  tuba. 

Flows  of  excess  chlorine  (to  be  used  to  control  the  deposition 
rate)  and  hydrogen  enter  tha  furnace  in  the  annulus  between  the  inner  and 
outer  nossle  tubes.  These  gases  enter  tha  deposition  as  a  cylindrical 
sheath  surrounding  the  metal  chlorides  flow.  Oxygen  enters  tha  furnace 
along  tlic  outside  of  the  outer  nortle  tuba  and  enters  tha  deposition 
rone  along  the  inside  diameter  of  the  furnace  tuba. 

Vlth  this  gas  Injection  schema,  tha  nossla  tubes  isolate  the 
chloride  generation  process  from  tha  other  reactant  gases.  In  addition 
the  hydrogen  and  excess  chlorlna  sheath  surrounding  tha  natal  chlorldas 
as  they  enter  the  deposition  tone  hinders  the  imedlate  mixing  and 
reaction  of  oxygen  with  the  chlorides.  This  schema  hat  been  used  in 
other  CVD  systems  to  prevent  the  build-up  of  oxide  deposits  on  tha  ends 
of  tlic  nozxle  tubes .  Such  build-up  could  alter  the  gas  flow 
patterns  during  e  run  nnd  even  block  off  the  injection  orifices. 

All  the  tubes  named  above  are  of  high  purity,  dense  alumina,  and 
the  ends  of  all  tubes  arc  sealed  using  VI ton  O-rings. 

In  the  second  none ,  the  CVD  xor.c,  the.  Input  gates  mix  and  deposit 
tlic  solid  phase (r.)  thermodynamically  and  klnotlcally  favored.  The 
substrate  crystals,  YAG  or  CGG,  sit  on  an  alunina  boat  10-15  cm.  from 
the  r:w!  of  the  gas  nozzles.  Under  proper  condition:!,  YIC  in  deposited 
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epitaxially  on  the  substrates.  In  the  deposition  sons,  a  fused  ailica 
tube  is  used  as  a  liner  to  collect  the  deposited  solids. 

The  unrcactcd  end  product  cases, pass  out  of  the  deposition  tone  and 
through  two  traps  upstream  from  the  mechanical  vacuum  pump.  The  first 
trap  is  a  large  class  jar  with  stainless  steel  bottles  for  collecting  solid 
particles  (mostly  iron  and  yttrium  chlorides)  which  have  condensed  in  the 
gas  phase.  The  second  trap  is  a  liquid  nitrogen  cold  trep  to  freese  out 
chlorine  and  hydrogen  chloride,  thus  protecting  the  pump  from  these  cor¬ 
rosive  species. 

The  system  pressure  is  measured  by  two  gauges  connected  to  the 
system  at  the  downstream  end  of  the  furnace  tube.  The  first  is  a 
mechanical  dlaphram-type  gauge  (Heraus).  This  gauge  is  most  accurate 
within  the  range  from  about  100  to  5  Terr.  However,  much  of  the  present 
CVD  work  was  conducted  at  approximately  2  Torr.  Pressures  in  the  range 
from  about  10  to  0.1  Torr  were  measured  with  an  electronic  pressure 
sensing  transducer  (Hoaomount).  This  sensor  is  also  used  to  control 
the  total  pressure.  The  sensor  output  feeds  an  open  loop  servo  circuit 
which  controls  the  flowrate  of  nitrogen  bled  into  the  vacuum  line  Just 
above  the  pump  (Figure  2).  If,  for  example,  a  negative  pressure  deviation 
is  detected,  the  blced-in  flow  is  Increased ;  this  decreases  the  effective 
pumpinc  rate  to  the  rest  of  the  system,  thereby  causing  the  preesure 
to  rise  to  the  proper  value. 

As  one' check  on  posnlble  changing  conditions  in  the  system,  the 
partial  pressure  of  oxygen  in  the  gas  stream  exiting  frwn  the  furnace  tube 
in  measured  with  an  oxygen  analyser  (Thermo  Lab).  The  instrument  produces 
on  electrical  potential  proportional  to  the  oxygen  pressure  by  ionic 
conduction  of  oxygen  through  e  solid  electrolyte  of  stabilised  sirconia. 

The  oxygen  partial  pressure.,  the  total  system  pressure,  and  the 


temperature  at  three  points  along  the  furnace  hot  cone  arc  continuously 
■onitored  on  a  atrip  chart  recorder. 

At  the  downstream  end  of  the  furnace  tube  it  an  airlock  chaaber. 

This  double  aeal  device  is  used  for  loading  and  unloading  the  substrate 
boat  without  breaking  the  vacuum  or  otherwise  disturbing  the  system. 

With  the  inner  glass  window  sealing  the  system,  the  boat  is  placed  in 
the  airlock  and  the  outer  glass  window  installed.  The  chamber  is  then 
evacuated  by  an  auxllliary  aochanlcal  vccuua  pump.  The  inner  window  la 
then  withdrawn  into  a  aide  compartment,  and  the  boat  is  pushed  into  the 
deposition  sons  with  an  alumina  rod  lnssrted  through  a  vacuum  fitting 
on  the  outer  window  assembly.  The  rod  is  then  withdrawn,  the  inner  window 
returned  to  its  original  position,  and  the  airlock  chamber  filled  to 
atmospheric  pressure  with  nitrogen.  Ths  boat  can  be  withdrawn  from  the 
deposition  sons  by  the  sasn  procedure. 

Prior  to  the  installation  of  ths  airlock,  it  was  necessary  to  load 
the  substrates  before  the  run  began.  Thus,  only  one  loading  could  be 
accomplished  per  run.  In  addition,  ths  carefully  polished  and  cleaned 
eubstrate  surfaces  nay  have  been  damaged  during  the  relatively  long 
exposure  to  the  system  during  heatup  and  before  the  proper  gas  flow 
conditions  were  established. 

1.  Materials 

(1)  Source  Metals.  The  yttrium  metal  used  in  tho  present  work  was 
obtained  in  the  form  of  coarse  chips  from  Research  Chemicals.  The  metal 
is  99.99  porccnt  pure  with  respect  to  rare  earth  element  impurities  but 
rontninn  slightly  less  than  one  percent  tantalum,  the  material  used  for 
the  yttrium  melting  crucible.  No  other  impurity  species  arc  present  in 
excess  of  0.03  percent  according  to  the  spectroscopic  rnnlysis  supplied 
with  the  r.etnl. 


The  iron  used  van  analytical  reagent  purity  and  in  the  form  of 
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virc  lengths  approximately  8  ca.  long  and  0.035  ea.  thick. 


(2)  Cases.  All  gases  used  in  the  present  work  wero  obtained  through 
the  M.I.T.  Office  of  Laboratory  Supplies  froa  the  following  sources: 


Caa  (grade) 

Chlorine  (high  purity) 
Oxygen 

Hydrogen  (prspurlfled) 
Helium 

Nitrogen  (prepurlfiad) 


Source 

Matheson 

Airco 

Airco 

N.X.T.  Cryogenic  Lab 
Airco 


All  the  gases  were  used  without  additional  purification. 

(3)  Substrates.  Ths  first  substrata  notarial  available  for  the 
present  work  was  a  Csochralski-grown  boule  of  TAG  doped  with  epproxiaately 
1  X  naodyalua.  It  was  transparent  but  slightly  purple  due  to  the  doping. 
The  boule  also  contained  aaeroscoplc  inperf actions  along  ths  centerline 
due  to  coring  which  occurred  during  its  growth.  The  rooa  tnapereture 
lattice  constant  dotarnlned  by  X-ray  diffration  (using  silicon  as  a 
standard)  was  12.023  A,  whereas  the  published  lattice  paraaeter  of  "pure" 

TAG  is  12.008  ±  .003  The  boule  hod  been  grown  along  the  (111) 

« 

direction  end  was  epproxiaately  1  ca.  in  disaster.  Slices  cut  noraal  to 
the  (100)  direction  were  used  as  substrates. 

Later,  sown  slices  from  Csochralskl  boules  of  GGG  were  obtained 
courtesy  of  Hell  Telephone  Laboratories.  811ces  cut  noraal  to  the  (110) 
and  (111)  directions  wore  used  in  the  later  runs  of  the  present  work. 

The  lattice  parameter  of  the  GCC  (110)  measured  at  room  temperature  was 
12.307  A  and  that  for  the  (111)  slices  was  12.379  A;  the  literature 
value  is  12.37S  i  .003 
C.  Sub  fit  rate  Preparation 

A  clean,  undamaged ,  and  strain-free  substrate  surface  is  necessary 

(23) 

for  successful.  e.pii3£jU:l  deposition  . 


Thu  cut  YAG  and  CCG  slices  were 
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(round  flat  with  coarse  and  than  fine  SiC  grits.  This  was  followed  by 
a  polish  with  Linde-A  Al^O^.  Each  substrate  was  polished  until  the 
surface  appeared  optically  smooth  at  lOx  Magnification. 

In  order  to  remove  the  damaged  surface  layer  due  to  mechanical 
polishing,  a  chemical  polish  step  ia  required.  A  satisfactory  chemical 
polish  would  remove  about  3  microns  of  substrate  without  destroying 
the  attained  surface  smoothness.  Several  workers  have  reported  the  use 
of  hot  phosphoric  add  as  an  etch  for  garnets  and  similar  mater¬ 
ials  For  each  substrate  material  and  crystallographic 

orientation,  thero  la  a  critical  temperature  range  for  tka  uniform  removal 
of  material*  Lower  temperatures  cause  pitting  and  higher  temperatures 
promote  tht  precipitation  of  phosphate  compounds  which  can  contaminate 
the  surface.  An  associated  problem  lo  rinsing  the  hot  add  from  the 
substrate  before  it  cools  and  causes  pitting  at  lower  temperatures. 

Rinsing  in  a  water  bath  was  found  to  cause  sufficient  thermal  shock  to 
erack  the  substrates,  but  use  of  oil  eliminated  cracking* 

Substrates  etched  with  hot  phosphoric  add  vers  used  in  the 
early  runs  of  the  present  work.  This  chemical  polishing  method  was 
found  to  be  only  partially  succassful,  at  best.  Typically,  the  substrates 
were  suspended  in  the  add  at  2S5*C  for  about  30  seconds.  The  YAG  (100) 
substrates  maintained  their  surface  smoothoaos  fairly  well,  while 
CCC  (110)  slices  were  etched  unevenly.  Etching  rates  of  about  10  microns 
per  minute  for  YAG  (100)  end  30  microns  per  minute  for  CGG  (110)  were 
determined  from  weight  loan  measurements.  Although  the  first  successful 
epitaxial  deposits  in  the  present  work  were  achieved  on  substrates 
etched  with  hot  phosphoric  acid,  a  reliable  polishing  procedure,  partic¬ 
ularly  for  CCC,  was  not  found. 

In  later  deposition  runa,  Syton  IIT-50  (?!oa>>.-.itto)  was  used  foi  the 


final  nnbutraie  polir.h  and  found  to  be  successful.  Syton  is  a  basic 

.  •  • 

suspension  of  colloidal  cilice  of  particle  site  .035  to  MO  Microns. 

Syton  in  thought  t'  polish  by  both  mechanical  end  cheaical  means, but 

•  /251 

the  Actual  mechanism  la  not  understood  .  The  rate  of  Material 

(25) 

removal  by  Syton  has  been  estimated  as  3-6  microns  per  hour  . 

In  the  present  work,  an  automatic  set  up  was  used  to  final  polish  the 

*•  f 

substrates  with  Syton  for  30-45  Minutes. 

After  the  final  polish,,  the  substrates  were  waahod  with  mild 
soap  and  water  and  then  rinsed  successively  in  boiling  acetone, 

•  .  I- '■  >. 

isopropyl  alcohol,  and  benzene  for  a' minimum  of  five  Minutes  In  each. 
Before  being  used  for  deposition,  each  substrate  was  weighed  bn  a 

Mot  tier  analytical  balance  (occur*..;  £  £003  gn). 

•  • 

D.  Procedures  for  a  Run 

Iron  and  yttrium  netal  (typically  25  and  10  grams,  respectively) 
ere  loaded  into  the  chlorine tor  tubed  and  the  combined  weight  of  each 
tube  and  motel  is  recorded.  Then  tho  various  furnace  tubes  are 

i  *  . 

assembled  as  in  Figure  3,  and  the  entire  system  ia  sealed.  The  system 
la  then  pumped  out  for  several  hours. 

Flows  of  helium  of  approximately  50  cc/min.  are  turned  on  through 
each  chlorinator  tube  just  before  the  fumsce  heat  up  begins.  The 
furnace  rcachco  the  deposition  temperature  (typically  1200  C)  in  about 
three  hours.  During  this  tine,  cold  traps  are  filled  and  tho 
chlorine  gne  line  16  pumped  out  to  remove  any  rcnxddal  air  or  water  vapor. 

The  (•*•'  tl  jws  are  turned  on  in  tho  following  sequence:  (1)  chlorine 
to  the  iron,  (2)  excuse  chlorine,  (3)  chlorine  to  the  yttrium,  (4)  hydro¬ 
gen,  end  (5)  oxygen.  Several  minutes  are  required  before  stabilised  flow 
rates  with  one  atmosphere  pressure  in  the  flowmeter  tubes  ore  attained. 

The  total  pivpf.ure  (typically  2  to  10  Torr)  in  then  adjusted  to  the 


proper  value. 

The  boat  carrying  the  substrates  Is  placed  in  the  airlock  chamber 
and  tha  chamber  evacuated.  Before  the  Inner  window  la  withdrawn  and 
the  aubetrate  boat  pushed  :lnto  the  deposition  zone,  the  three  chlorine 
flows  are  temporarily  halted  and  replaced  by  helium  flows.  If  thlo 
were  not  done,  the  metal  chlorides  would  condense  as  liquids  on  the 
boat  and  substrates  as  they  are  pushed  through  the  cooler  regions  of  the 

furnace  tube.  It  was  found  that  although  the  chlorides  re-evsporate  when 

%  •  *  . 

the  boat  raaches  tho  hotter  regions  off  the  furnace,  the  brief  contact 
with  the  substrates  damages  the  surfaces  due  to  the  corrosive  effects 

d 

‘  'l 

of  the  chlorides.  > 

Mien  the  bost  Is  In  placu  In  the  deposition  zone,  the  push  rod  Is 

withdrawn,  the  inner  window  eealed,  and  the  chlorine  flows  restored. 

,  • 

At  this  point,  tho  actual  deposition  commences.  After  the  desired 

deposition  time  hss  elapsed,  the  chlorine  flows  are  again  replaced 

;  -• 

by  helium,  and  the  boat  Is  pulled  Into  tha  airlock  to  be  reloaded  If 
so  desired. 

After  the  last  unloading,  tha  power  to  the  furnace  and  the  gas 
flows  are  turned  off,  except  that  helium  Is  again  passed  over  the  metals. 
When  the  system  has  cooled  to  room  temperature  (in  about  12  hours).  It 
la  olowly  brought  up  to  atmonpherlc  pressure  and  then  disassembled  end 
cleaned.  The  chlorlnator  tubeo  are  weighed  and  the  weight  loss  duo  to 
transport  recorded.  The  nature  end  amounts  of  other  deposits  in  the 
system  (i.c.,  hack  diffused  chlorides,  growth  on  the  injection  nozzles, 
and  other  oxides  deposited  on  the  fused  silica  liner  tube)  am  noted. 

Each  substrate  is  weighed  after  deposition,  and  the  weight  change 


is  recorded. 
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E.  Procedures  for  Characterisotion  of  Deposits 

•  '  / 

(1)  Identification.  All  polycrystallina  deposit*  wore  identified 
by  X-ray  diffraction  powder  patterns  using  a  Norelco  diffractometer 
unit . 

Single  crystal  films  were  identified  as  YIG  also  using  the  diffrac¬ 
tometer.  Since  all  substrates  were  cut  along  a  low  index  crystallographic 

plana,  placing  the  substrate  on  the  diffractometer  will  give  diffraction 

* 

from  the  lattice  planer  which  era  even  Integral  multiples  of  this 
crystallographic  plane.  For  epitaxial  films  a  few  microns  thick,  there 
is  diffraction  from  both  the  film  and  the  substrate.  These  two  peake 
can  be  resolved,  particularly  at  high  Bragg  angles.  For  YZG  on  TAG, 
the  difference  in  lattice  constants  is  such  that  the  respective  (1200) 
reflections  lie  at  Bragg  angles  differing  by  4  degrees.  For  YIG  on 

GCC,  the  (880)  reflections  differ  by  about  0.1S  degrees;  this  difference, 

• 

also,  can  be  readily  resolved  on  the  diffractometer..  Thus,  by  comparing 
the  X-ray  diffraction  pattern  from  the  film  on  the  substrate  with  that 
from  the  bare  substrate,  the  existence  of  epitaxial  YIG  con  be  confirmed. 

a 

YIG  films  can  also  be  identified  by  color.  Fllmo  a  few  microns 

thick  are  yellow-green  and  transparent.  Thicker  films  are  derker  green; 

for  thicknesses  greater  than  about  25  microns,  the  films  ere  black  and 

<17> 

opaque  s 

(2)  Morphology  and  Thickness.  The  single  crystal  nature  of  the  films 
was  confirmed  by  laus  back  reflection  X-rny  diffraction. 

^  The  surface  morphology  of  the  films  and  other  deposits  was  observed 
by  reflected  light  microscopy. 

On  some  substrates,  a  small  area  of  the  deposited  film  was  chipped 
off  (prih.  p.j  due  to  rapid  coolii  g  during  removal  from  the  furnace)  thus 
creating  a  "step”  at  the  filn-raibr.trat.e  interface.  At  such  a  step,  the 


HU  thickness  could  bs  usssured  by  lntorfcrsnco  microscopy  (Zslss) 

tin 

using  Monochromatic  light'  .  In  other  eases  the  film  thickneos  was 
calculated  from  weight  gain  Measurements. 

(3)  Magnetic  Chcractarisotion.  Forrcmagnotie  resonance  linewidth 
la  ofteu  considered  to  be  the  principle  criterion  of  YIG  quality.  In 
the  present  work,  linewidth  la  measured  In  a  microwave  cavity  using  a 
Varlam  M  EPK  Spectrometer. 

The  resonance  me.eurementa  are  made  using  a  constant  D.C.  Magnetic 
field  (produced  by  a  large  alectrenagnet)  and  a  ties  varying  field  of 
microwave  frequency  (typically  9.55  Ohe).  The  microwave  power  le 
transmitted  to  the  cavity  containing  the  eamplo.  Ferromagnetic  res¬ 
onance  occure  at  a  particular  D.C«  field  etrength  for  the  selected 
microwave  frequency.  At  resonance,  tho  TIG  film  eamplo  absorbe  seme 
of  the  microwave  power*  The  linewidth  is  determined  by  measuring  the 
power  output  from  the  cavity  (and*  hence*  the  absorption  by  the  sample) 
as  a  function  of  P.C.  field  strength.  In  tbs  present  work,  the  linewidth 
Is  token  to  bo  equal  to  the  width  of  the  peak  of  absorption  versos  flald 
strength  at  half  power* 

Tho  results  of  linewidth  measurements  on  thin  films,  however,  ere 

not  unambiguous  Indications  of  crystal  quality.  The  measured  linewidth 

depends  upon  the  details  of  film  shape,  thickness,  edge  smoothness,  and 

/eg) 

orientation  with  respect  to  both  the  D.C.  end  nicroweve  fields'  • 

*  * 

Magnetic  domain  patterns  ware  observed  by  the  Faraday  effect  using 

transmission  microscopy  with  polarised  light.  The  dynamic  behavior 

of  tho  domains  in  response  to  changing  applied  magnetic  fields  also  can 

be  observod  by  this  tachnlquo. 
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111.  RESULTS 


A.  Growth  Conditions  and  Bchnvlor  of  the  B»»te» 

A  total  of  thirty-three  runs  were  ude  during  tht  present  work. 

Oxide  deposits  were  produced  starting  with  Run  3.  TIC  first  occurred 
as  the  predominant  oxide  (In  powder  fore  as  the  result  of  homogeneous 
vapor  phase  nucleetlon)  during  Run  7.  Epitaxial  fllne  were  produced 
on  TAG  substrates  during  tuns  14  and  16  and  on  COG  eubstratea  during 
Runs  27  and  21.  ■ 

Conditions  for  Epitaxial  Dapoaitlon.  The  systen  parameters  used 
for  Runs  16  and  27  (the  two  most  successful  runs)  ere  given  in  Table  1. 
Calculations  of  the  equilibrium  gas  phase  composition  are  presented  in 
Section  IV. 

Uhlle  the  listed  growth  conditions  produced  single  crystal  TIC 
films  on  the  substrates,  it  is  unlikely  that  these  are  optimum  con¬ 
ditions.  Subaequsnt  runs  in  which  the  same  input  conditions  were  used 
did  not  necessarily  produce  epitaxial  films.  Instead,  polycrystalline 
TIC,  YFeOj,  or  ?*2°3  VM  on  the  substrates.  It  is  felt  that 

some  aspect  of  the  present  CVD  system  (the  chlorination  of  the  yttrium 
natal,  in  particular)  lacks  sufficient  control. 

After  the  approximate  conditions  for  growth  of  epitaxial  films  bad 
been  established,  the  major  emphasis  of  subsequent  runs  was  to  modify  the 
parameters  in  order  to  achieve  conditions  for  consistent  film  growth. 

The  effects  of  changing  certain  parameters  are  described  belowt 

(1)  Increasing  the  temperature  produced  YFeOj  on  ths  substrate. 

(2)  Increasing  ths  system  pressure  to  10  Torr  or  higher  caused 

e 

homogcneoM.*)  vapor  phase  nucleetlon  to  occur.  This  resulted  in  powdery 

depor.Jis. 
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Table  1 


IgLifc 

Jfe&JZ 

Deposition  Teepcrnture  <*C) 

1160 

1210 

Pnioun  (Toor) 

2.4 

2.5 

plow  rates  tcc/nln  st  I.T.P.j 

Hydrogen 

30 

29 

Oxygen 

1# 

19 

Chlorine  (excess) 

10 

5 

Chlorine  to  Pe 

41 

21 

Chlorine  to  Y 

10 

6 

Rolitas  (thru  Y  chlorine  tor) 

40 

10 

Uu|th  of  run  (pin.) 

125 

65 

lubotrete  Depoeition  Rate  (B#/ea*-hr) 

0.6 

0.5 

(3)  Increasing  the  flow  of  excess  chlorine  tended  to  produce 
YFcOj  and  1^,  with  no  apparent  change  In  total  deposition  rate. 

(4)  Elimination  of  hydrogen  (and,  therefore,  H^O  and  MCI  as 
well)  remitted  in  ouch  less  oxide  deposit  on  the  substrate. 

Other  Deposits  In  the  System.  Af  ter  a  run,  three  distinct  re¬ 
gions  of  deposition  are  evident  on  the  quarts  liner  tuba.  Near  the  gas 
nossle  tubes  and  8-10  ca.  downstream  ie  a  region  Of  relatively  heavy 
polycryatallinc  oxide  deposit  -  on  the  order  of  a  few  millimeters  In 
thickness.  This  deposit  usually  is  a  mixture  of  several  phases,  as 
determined  by  X-ray  diffraction  powder  patterns.  Similar  deposits 
appear  on  the  outside  surfeces  of  the  outer  nossle  tube.  This  suggests 
that  there  la  considerable  turbulence  as  the  gases  enter  the  deposition 
sone  from  the  nossles  causing  mixing  and  some  back  flow. 

Further  downstream,  from  approximately  10  to  24  cm.  from  the 
nossles,  is  a  region  of  light  and  uniform  deposition.  Deposition  rates 
for  polycrystalllna  material  on  the  quarts  liner  were  measured  to  be 
on  the  order  of  2-5  ag/cm  -hr.  Unlike  the  heavier  deposition  near  the 
nossle,  the  quarts  liner  tube  is  translucent  in  this  second  sone,  though 
distinctly  discolored  by  the  deposited  material.  Usually,  there  is  only 
one  phase  depeslted  in  this  region,  though  sometimes  more  than  one  phase 
la  present.  In  the  latter  case,  there  is  gradual  change  along  the  tubs 

from  one  phase  to  the  next.  The  more  iron-rich  phases  nppear farther  down- 

(17) 

stream,  in  agreement  with  the  observations  of  Mae  et  al.  . 

The  epitaxial  films  are  deposited  in  this  second  sone.  In  ell  the 

runs  which  produced  single  crystal  YZC  films,  YZG  was  also  the  predominant 

phaae  which  deposited  on  the  boat  and  quarts  liner  in  the  vicinity  of 

the  substrates.  However,  the  deposition  rate  for  epitaxial  YZG  vns 

2 

approximately  0.5  mg/cm  -hr. 


Farther  downstream  (aore  than  about  24  cm.  froa  the  noaslea)  the 
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temperature  falla  off  sharply.  Iron  oxidea  (Fc^Oj  and  Fe^)  are 
heavily  depoalted  In  thla  cone.  Even  farther  downstream  are  heavy  de¬ 
posits  of  unrcactcd  Iron  end  yttrium  chlorides  which  condense  froa  the 
gee  stream  as  room  temperature  la  approached.  Large  amounts  of  unreacted 
chlorides  were  collected  In  the  colder  regions  of  the  furnace  tuba  and 
In  the  solid  particle  trap.  It  la  estloated  that  only  a  few  percent 
of  the  metal  chlorides  are  reacted  and  deposited  as  oxides.  Of  this 
amount  only  a  snail  fraction  la  deposited  In  the  second ,  uniform 
region  where  the  epitaxial  growth  occurs. 

Invariably,  there  la  also  some  undaslreable  oxide  deposit  on  the 
gas  noasle  outlets.  The  amount  of  thla  deposit  was  found  to  vary  from 
run  to  run,  probably  depending  upon  the  relative  velocities  of  the  gases 
emerging  from  the  concentric  orifices.  In  principle,  the  amount  of 
noasla  build-up  should  ba  reduced  and  possibly  eliminated  by  equalising 
the  gas  flow  velocities  and  by  shaping  the  noatles  so  as  to  reduce  gaa 
turbulence. 

In  all  but  the  last  few  runs  of  the  present  research,  considerable 
back  diffusion  of  the  metal  chlorides  wes  observed  within  the  inner 
nossle  tube.  Both  iron  chloride  and  yttrium  chloride  (Identified  by 
chemical  analysis)  diffused  Into  this  stagnant  volume  and  condensed  In 
the  cooler  regions.  Typically  about  25  percent  of  the  chlorides  produced 
was  "lost"  due  to  back  diffusion.  In  the  last  few  runs,  a  50  cc/min  flow 
of  helium  through  the  Inner  nossla  tuba  and  outside  of  the  chlorlnators 
(Figure  3)  eliminated  the  back  diffusion  and  forced  all  the  chlorides  Into 
the  deposition  cone. 

e 

Chlorination  and  Transport.  In  the  present  work,  the  amount  of  iron 
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chloride  generated  by  chlorination  of  the  motel  vas  directly  related 
to  the  Input  flow  of  chlorine  gas.  Free  wight  low  measurements 
averaged  over  all  the  runs,  2.}?,  Mg.  of  Iron  vas  consumed  per  cubic 
centimeter  of  chlorine  flow.  (The  weight  lose  data  for  aost  runs 
agreed  to  within  10  percent  of  this  average  velue.).  This  corresponds 
to  an  Iron  chloride  composition  of  FeClj  jj  (or  35  X  FeClj-65%  FeClj) 
assuming  complete  chlorination. 

After  a  run,  the  renainxng  Iron  is  only  slightly  discolored.  The 
netal  is  consumed  iron  the  most  upstream  end  of  the  chlorlnator  tube  where 
the  chlorine  first  contecta  it*  There  is  no  evidence  thet  any  iron  is 
consumed  farther  downstream  in  the  chlorlnator,  nor  la  there  present 
eny  oxide  or  reslduel  chloride.  This  suggests  that  the  iron  chlorination 
Is  Immediate  and  complate,  which  Is  as  expected  since  the  reaction  la 
highly  favored  thermodynamically  and  the  run  temperature  la  above  the 
boiling  points  of  both  FeCl2  and  FeClj^®\ 

The  yttrium  chlorination,  on  the  other  hand,  la  not  nsarly  so  Ideal. 
Weight  loss  data  varies  radically  from  run  to  run  end  In  soma  runs  a  weight 
gain  vsi  recorded.  The  residue  In  the  yttrium  chlorlnator  contains 
considerable  YjO^  and  Y0C1  as  well  as  the  metal.  The  relative  amounts 
of  these  species  very  from  run  to  run,  even  for  runs  with  the  sand 
growth  conditions.  Ho'/evar,  despite  this  Inconsistent  behavior,  sosm  metal 
la  always  chlorinated,  as  evidenced  by  the  presence  In  the  system  of  yttrium- 
containing  oxide  deposits  and  back  diffused  yttrium  chloride. 

The  boiling  point  of  YCl^  Is  1510  C  and  Its  vapor  pressure  is  only 

(30) 

approximately  10  Torr  at  the  system  temperature x  ' «  The  undsslred 
source  of  oxygen  to  the  yttrium  chlorlnator  tube  appears  totba  beck  diffusion 
of  oxygen  (and/or  water  vapor)  from  the  deposition  sone.  Since  yttrium 
metal  has  a  high  oxidation  potential,  the  oxygen  compotes  with  the 


chlorination  process  vlten  solid  •*»*  TOCi  are  formed.  In  none  of  3* 
the  nni|  a  flow  of  helium  vaa  paaaad  through  the  yttrium  chlorinator 
to  eugncnt  tho  relatively  low  chlorine  flow.  It  was  hoped  that  the 
increased  gas  velocity  through  the  chlorinator  tube  would  retard  the 
back  diffusion,  but  this  procedure  did  not  significantly  reduce  the 
formation  of  YjO^  and  Y0C1. 

In  addition  to  the  run  to  run  discrepancies  of  the  yttrium  chlorine- 
tlon,  there  are  indications  that  the  chlorination  rate  changed  during 
the  course  of  a  run.  Longer  runs  (3-5  hours)  were  attempted  in  hope 
of  producing  thicker  epitaxial  films.  In  several  of  thesa  runs, 
however,  there  was  avidance  that  YIG  was  deposited  initially  but  sometime 
later  during  the  run  another  phase  was  deposited  on  top  of  the  film. 

The  low  vapor  pressure  of  YCl^  and  the  back  diffused  oxygen  appear 
to  be  the  causes  of  the  erratic  behavior  of  the  yttrium  chlorination. 

B.  Structure  and  Fronertlea  of  the  Single  Crystal  YIC  Films 

1  Physical  Properties 

Visual.  The  YIG  fllns  are  transparent  and  green  in  color.  The 
films  deposited  on  YAG  (100)  are  heavily  erased  by  stresses  caused  by 
the  thermal  expansion  mismatch  between  YIG  end  YAG^®\  The  tensile 
creeks  appear  in  a  regular  orthogonal  pattern  (Figure  4)  with  intarcrack 
spaclngs  on  the  order  of  50  ym.  The  cracks  lie  in  (100)  directions  of 
the  film,  as  determined  by  Laua  back  reflection  patterns.  Weight  gain 
measurements*  indicate  e  film  thickness  of  2.4  *  0.5  microns. 

The  YIG  films  deposited  on  GGG  (110)  and  (111)  substrates  ere  not 
cracked  because  of  better  thermal  expansion  match  between  YIG  end 
GGG  (relative  to  that  between  YIG  and  YAG)^®\  An  lnterferogram  of 

e 

a  portion  of  a  (110)  film  from  Run  27  is  eh own  in  Figure  5.  A  section 
of  the  YIG  deposit  has  chipped  away.  The  distance  between  interference 
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Figure  4t  YXC  fila  on  TAG  (100)  aubatrata  abetting  charaeearlatlc 
crack  pattern.  (80  X) 
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NOT  REPRODUCIBLE 


Interferograa  of  TIG  flla  on  GGG  (10)  substrate 
with  a  aaall  place  of  flla  chipped  of.'.  Fringe 
displacement  acroaa  atep  gives  film  thickness  of 
1.13  *  .05  Microns. 


f 
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fringes  is  one-half  the  wavelength  of  thallium  light  (X  •  0.535  microns). 
By  measuring  the  fringe  displacement  across  tho  stop  where  the  film  la 
missing*  the  film  thickness  is  determined  to  be  1.13  i  0.05  microns . 

For  all  the  single  crystal  films*  the  surface  smoothness  is  the  same 
as  the  original  smoothness  of  the  substrate.  Isolated  inhomogeneltios 
Which  are  present  on  all  the  films  appear  to  be  due  to  residual  imper¬ 
fections  from  the  substrate  polishing.  Near  edges  of  the  substrate  that 
were  cut  with  a  diamond  saw*  there  are  chipped  surfaces.  During  the  dep¬ 
osition  run*  single  crystal  »*G  free  of  the  i,nhonoganeltles  present  on 
the  polished  surface  grew  on  these  Nas  fractured"  surfaces. 

Lattice  Paramoters.  Using  silicon  as  a  standard,  the  lattice 
parameter  of  the  Y1G  films  was  measured  at  fairly  high  Bragg  angles. 

The  results  are  given  in  Tsble  2. 

The  measured  lattice  parameters  are  somewhat  smaller  than  the  litera¬ 
ture  value  of  12.376  l  .003  To  be  sure,  the  TIG  films  are  some¬ 

what  strained  due  to  the  thermal  expansion  mismatch  with  the  substrate. 
However,  the  strain  present  is  a  tensile  strain*  whose  effect  would  be  to 
Increase*  not  decrease*  the  lattice  constant  of  the  TIG  film. 

2  Magnetic  Characteristics 

Observation  of  Domains.  Magnetic  domain  patterns  for  TIC  on  TAG 
made  visible  with  polarised  light  are  shown  in  Figure  6.  The  Irregular 
"fingerprint"  pattern  is  characteristic  of  the  highly  strained  films. 

The  spacing  betweon  domains  is  approximately  3  microns.  In  a  ferromagnetic 
film*  the  domain  spacing  is  proportional  to  the  film  thickness  and. 
inversely  proportional  to  the  square  of  the  magnetisation.  Both  the  thin¬ 
ness  of  the  film  and  the  high  magnotizatlon  of  TIG  combine* to  produce  such 
a  narrow  spacing.  The  dentin  pattern  can  be  "wiggled"  by  uoving  a  small 
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Tab I*  2 


TAG  100 
OOG  110 
GOG  HO 


Plena, 

(12  0  0)  t-KM6*l 
(t80)  126*90*) 

(  8  8  t)  126*119*1 


Parrjaetef 

12.345 
12.354 
12.348 


>•  >•  >• 


Flgvre  6:  Dose In  fittin  of  TIC  fils  os  TAG  (100)  aukotrate  u  revealed 
by  polarised  light.  Hots  crocks  and  Irregular  "fingerprint" 
dosain  pattern  (600  X). 
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magnet  near  the  substrate.  The  domain  mobility,  however,  la  somewhat 

restricted  due  to  the  cracks  and  high  strain  in  the  film. 

Domain  patterns  for  YIG  on  GGG  (110)  are  shown  in  Figure  7.  Note 

that  the  pattern  is  vcjry  uniform  with  highly  parallel  domains.  The 

domain  spacing  is  about  2  microns.  For  YIG  on  GGG,  the  domains  are 

considerably  more  mobile.  The  sig-zag  pattern  6hown  in  Figure  7-b 

frequently  appears  after  the  domains  have  been  moved  with  a  hand  magnet. 

The  angle  of  the  sig-sag  is  115  i  5  degrees. 

Resonance  Experiments.  Microwave  resonance  measurements  were 

attempted  on  eeveral  Irregularly  shaped  eamples  of  YIG  films.  Direct 

measurement  of  ferromagnetic  resonance  llnewldth  was  complicated  by  the 

presence  of  many  often  overlapping  paaks.  There  are  two  sources  of 

tha  multiple  peaks.  Numerous  magnetostatic  resonance  modes  exist  in  any 

sample  which  la  not  a  perfect  sphere.  In  thin  films,  these  modes  occur 

at  regular  lntervala  from  the  primary  rasonance.  The  second  eource  of  mul 

(28) 

tlple  peaks  ie  due  to  microscopic  shape  irregularities.  Dillon'  has 
reported  that  even  minute  voids  or  defects  ceuse  e  single  resonence  peek 
to  split  into  many  peaks.  Both  regulsr  mode  petterns  and  peak  epllttlng 
were  observed  In  the  present  experiments. 

Resonance  llnewldths  were  estimated  from  the  strongest  peak  present 
in  the  spectrum.  Estimated  valuee  for  resonance  with  the  D.C.  magnetic 
field  parallel  with  and  normal  to  the  plane  of  the  film  are  given  in 
Table  3. 

The  llnewldths  are  of  the  same  order  as  results  reported  by  Mee  et  el. 
The  extremely  low  llnewldth  for  perpendicular  resonance  for  the  YIG  on 
GGG  (110)  is  somewhat  uncertain  due  to  the  highly  complex  spectrum  of 
that  sample.  The  llnewldth  was  taken  from  the  :  trongest  of  many  peaks 


NOT  REPRODUCIBLF 


A. 


B. 


Figure  7:  Don  in  pattern  of  TIC  film  on  006  (110)  edbetrate  u  nvmM 
by  polarised  li|ht.  (A)  Highly  parallel  demine*  (•)  Big-sag 
pat  torn  which  frequently  *»ccure  oftor  doNino  haws  bam  aowod 
with  an  oxtomol  nagnetie  field.  (700  X) 
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Table  3 


Llnevldth  ( oar n ted)  (end  Resonance 
Substrata  &  Field  Strength  (gauss) ) 


Orientation 

Thickness  (lie) 

oernondlculor 

narallel 

TAG  100 

2.4 

— 

14  (2680) 

000  110 

1.1 

0.05*  (5000) 

0.8  (2660) 

000  in 

0.7 

2.0  (4750) 

8.5  (2670) 

*  Soebo  uncertainty  of  this  nearurensnt  due  to  highly  cocplox 
epectrva. 


present,  though  the  widths  of  other  nearby  peak*  were  approximately 
the  same  as  the  strongest  peak. 


IV.  DISCUSSION 
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A»  Thermodynamic  Con  federations 

Yttrium  iron  garnot  la  not  tha  only  solid  deposit  which  can  bo  pro¬ 
duced  froa  the  vapor  phase  reaction  of  yttrlua  and  Iron  chlorides  with 
oxygon  or  water  vapor.  Frequently  Y^O^,  YFcOj,  and  Fe^O^  as  well  as  YXG 
(and  occasionally  Fe^O^  or  Y0C1)  also  appear  In  the  present  system. 

Nee  et  al/1^  report  regular  deposition  cones  in  their  furnace  tube, 
with  YgOj  appearing  aost  upstreaa  followed  In  succession  dovno t ream  by 

distinct  soncs  of  YFeO>,  YZC,  and  Fe  0.. 

3  2  3 

la  the  absence  of  a  preferential  substrate,  the  most  favored  solid 
phase  Is  the  one  whose  CVD  reaction  has  the  largest  free  energy  decrease 
with  respect  to  the  actual  composition  of  the  gas  in  the  system  (l.e., 
the  reaction  with  the  largest  chemical  driving  foce). 

A  computer  program  was  written  to  calculate  ,1)  the  equilibria! 
composition  of  the  gas  phase  (given  temperature,  pressun,  input  gas 
flows,  and  thermodynamic  data  for  the  possible  resulting  gas  species), 
and  (2)  tho  free  energy  changes  of  each  of  the  possible  CVD  reactions. 
Assumptions.  The  following  coemptions  wore  madei 

(1)  All  gas  species  arc  in  equilibria!  with  each  other  at  the 
system  temperature  and  total  pressure. 

(2)  All  gases  axe  Ideal,  and  all  solid  phases  are  pure  (l.e., 
the  solid  phases  have  unit  activity). 

(3)  tlhe  only  gas  apeclee  present  in  the  system  are  the  following  tent 

02,  H2,  Cl2,  NCI,  H20,  Cl,  FeCl2,  FeClj,  YClj,  and  He.  Mo  lower  chlorides 

of  yttrlm  have  been  reported  In  the  literature.  Additional  iron 

chloride  species,  such  as  FeCl  end  FsjCl^,  ere  known  to  exist.  However, 

(29) 

order-of-uagnltudo  calculations  using  the  reported  thermodyncaic  data' 
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indicate  tliat  these  chlorides  arc  present  only  in  very  mlnu.c  quantities 

within  the  temperature  and  total  pressure  ranges  applicable  t*  tho  present 

•  -3 

system  (1700  to  1700  K  and  1  to  10  atnoaphorea) .  Other  known  gas  species 
(e.g.,  It,  0,  ojt  Il2°2 ,  OH,  C102»  C120,  IIC10 ,  Fc,  Y)  are  similarly  neglected 
because  they  are  not  present  in  significant  amounts  according  to  the 
thermodynamic  data. 

(4)  The  chlorination  reactions 
Y  +  -jCl^g)  -  YCl3(g) 

Fe  +  |ci2(g)  -  Feeing) 

go  to  total  completion.  In  the  case  of  iron,  it  is  further  assuned  that 
the  Iron  chloride  formed  'in*  dally  is  FeClj  (the  higher  vapor  pressure 
specie)  and  not  FcC12. 

(5)  Any  change  of  gas  composition  resulting  from  the  deposition  of 
a  condensed  phase  is  negligible.  This  is  thought  to  ba  a  good  assumption 
because  of  the  high  gas  velocity  of  the  system  (Section  XV-B)  and  because 
the  observed  fraction  of  chlorides  which  are  oxidised  is  vary  small. 

(6)  YC*3  and  He  (and  <>2,  whan  no  hydrogen  la  present  in  the  system) 
do  not  Interact  with  other  gaa  species  and  thus  do  not  influence  the 
equilibrium  gas  composition.  Therefore ,  these  species  are  considered  to 
be  "inert"  with  respect  to  the  other  gaoas  present. 

Basis  of  the  Calculation  -  Gas  Phase  Composition.  The  variables  of 
the  system  are  temperature,  total  pressure,  and  input  flow  rates  of 
hydrogen,  oxygen,  excess  chlorine,  chlorine  to  the  iron,  chlorine  to  the 
ytt.ium,nnd  helium.  Considering  helium  and  yttrium  chloride  for  the 
moment  to  be  inert,  mass  balances  for  hydrogen  oxygen,  chlorine,  and  iron 


can  be  written: 
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I.I21#  *  lH,l  +  iHjOl  +  {tlKil  . 

t°j).  -  10,1  +  {'.11,01 

i 

lex,  *  FeJ.  +  lcij(<,x)l.  -  tdjl  +  {(Cll+  {lllCllt  (FoCljJ 

♦  {[P«C13] 

I 

I  * 

{id,  *  »•>,  -  |F«C1, 1  +  IFeCljJ 

where!  pc]  -  nuaber  of  aoloa  of  MxM 

|*]^  ■  Input  nuaber  of  aolas  of  "x" 

for  unit  tine,  tho  nuabor  of  aoloa  of  each  Input  gas  apaclc  la  propor¬ 
tional  to  the  flow  rate.  Since  the  mole  fraction  of  each  apccle  is  the 
quantity  of  real  Internet,  the  proportionality  constant  relating 
"flow  rate"  end  "nuaber  of  aoloa"  la  arbitrary.  Therefore,  for  con¬ 
venience,  the  nuaber  of  aoloa  of  each  input  gaa  can  be  eat  equal  to 
ita  flow  rate. 

The  various  Interacting  gases  are  also  related  by  four  Independent 


ehaaical  reactions i 

■2  ♦  Jo2  -  11,0  (1) 

HjO  +  Cl2  -  2HC1  +  |o2  (2) 

01,-201  .  (3) 

i 

FaCl3  -  PeClj  +  ^Cl2  (4) 


Associated  with  each  reaction  la  anequilibriun  constant,  Ki 
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*1- 


“2° 


p  (P  )' 

vv 


Kj  -  (etc.)*  (etc.)  ■ 


V 

- 1— r  - 

WT 

A  1 

IHCU210212  PT2 


„  J. 

jh20]{  P«zQi  i  |H2)  +  [02P7 

l»2)l<>/v 


IMjO]  [Cl2](lHCi]  +  102]  +  [HjO]  +  Id,]) 


(ci)2pt 

*3  “  <•*«•>  "  "  (Cl2i|Cl2l  +  [Clii 


irecijitcijj2  pt2 

k4  ■  (etc.)  -  (etc.)  -  |r«ci3){[rVci2l  +  ifqC13]  +  lci2D 


where t  PT  •  total  pressure  (ate.) 

Xl  m  nole  fraction  of  "1"  (X*  ■  ^j> 

all  aperies 

p^  m  partial  preesure  of  MiM  (ate.)  (P^  ■  X^P^.) 


At  equilibrium: 
AC*^  •  AT  InK 
and, .  in  general: 


£ 

products 


.  £  n.AG  -  . 

reactants  1 
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where:  AC  ^  ■  standard  free  energy  change  for  the  reaction  (cal/molc) 

•  J 

AC  F  j  ■  standard  free  energy  of  formation  for  specie  *'1" 

(cal /mole) 

R  ■  gas  constant:  1.98  cal/molc-*k 

T  ■  absolute  temperature  (*K) 

Therefore,  for  a  given  temperature,  total  pressure,  and  set  of  input 
flow  rates,  if  the  stsndsrd  free  energies  of  formation  of  the  various 
species  are  known,  the  number  of  moles  of  the  eight  interacting  gas 
species  can  be  determined  by  solving  the  above  eight  equations  (four 
•ass  balances  and  four  reaction  equilibria)  simultaneously.  The  four 
reaction  equilibria  equations  are  nonlinear,  and,  therefore,  the  system 
of  eight  equations  must  be  solved  numerically. 

If  hydrogen  is  omitted  from  the  system  the  thermodynamics  aie 
somewhat  simplified.  In  this  case,  no  11^,  IIjO,  or  HC1  will  be  present; 

<>2  will  be  the  only  oxygen  containing  gas  and  will  not  interact  with  ahy 
other  gases  present.  Thus,  the  cslculatlon  reduces  to  solving  four 
equations  with  four  unknowns.  Only  the  iron  and  chlorine  mass  balances 
and  reactions  (3)  and  (4)  need  to  be  considered. 

Or.***  the  number  of  moles  of  each  specla  (including  the  "inert" 
species)  has  been  determined,  the  respective  mole  fractions  and  partial 
pressures  can  be  calculated  diractly. 

The  Deposition  Reactions.  With  the  equilibrium  gas  composition 
known,  the  thermodynamic  favorabllity  of  the  various  CVD  reactions 
can  be  determined.  Fourteen  deposition  reactions  are  considered. 

YjOj,  YFoOj,  Y1G,  and  fejO^  are  the  possible  solid  phases.  In  each 
caeo,'thc  chlorides  esn  be  oxidised  by  oxygen  or  water  vapor  (if 
present).  Either  FcCl^  or  FeClj  can  be  the  reactant  when  YFeO^, 


VIC,  or  Fc  Oj  formed.  The  fourteen  reactions  con  be  written  in 


where:  -  the  appropriate  stoichiometric  ceefflcienta.  From  each 

set  of  brackets,  one  specie  is  selected  for  each  reaction. 

In  general,  the  free  energy  change  associated  with  e  chemical 
reaction  is: 

AG  -  AG*+  RT  InQ  (5) 


whero : 


products  nj 


reactants  ni 


C ■  P.  ,  for  ideal  gas  / 
activity  of  "k"  4  T 

I  •  1.  for  euro  solid  If 


n^  -  stoichiometric  coefficient 

At  equilibrium: 

AG  ■  0 

Therefore: 

AG*  -  -RT  lnQ<Jq  -  -RT  InK  (6) 

Substituting  (5)  into  (4): 


AG  -  -RT  ln(K/Q) 
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For  CVD  reactions,  (K/Q)  is  defined  to  be tlasiQersaturatlon.  Thus, 
"supersaturation"  and  Mfree  energy  charge"  are  directly  related 
parameters  for  determining  the  thermodynamic  favorability  of  a  deposition 
reaction. 

/ 

For  each  reaction,  the  parameters  Q,  AG*,  K,  K/Q,  and  AG  arc 
calculated. 

The  Computer  Program.  A  flow  chart  of  the  computer  program  is 
given  in  Figure  8.  The  main  program  sails  for  a  subroutine  to  colvo 
the  sat  of  simultaneous,  non-linear  equations  by  an  Iterative  method. 

Tha  subroutina  was  based  on  a  library  subroutine  of  the  M.I.T. 

Computation  Center but  was  somewhat  modified  by  the  author  to 
lmprova  ths  chances  for  convergence. 

A  typical  page  of  print-out  by  tha  program  (for  Run  16)  is 
shown  in  Figure  9.  The  program  can  ba  run  as  many  times  as  desired 
with  different  input  conditions  and/or  modified  thermodynamic  data. 

Thus,  it  Is  possible  to  determine  the  theoretical  effect  of  changing 
any  of  the  CVD  growth  conditions  on  tha  relative  thermodynamic 
favorability  of  the  varies  daposits. 

Thermodynamic  Data.  Tha  standard  frae  energies  of  formation  for 
most  of  the  chemical  spades  considered  in  tha  present  calculations 
were  taken  from  the  JANAF  tables  and  alsewhcre  in  the  literature. 

For  use  with  tha  computer  program,  ths  data  was  approximated  by  a  linear 
function  over  the  temperature  range  1200  to  1400  K  ast 

AG*p(T)  ■  A  +  BT  (kcal/mole) 

e 

Values  of  A  and  B  for  the  various  species  along  with  the  accuracy  and 
source  of  the  data  are  given  in  Table  4. 
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Table  4  ' 


MSSiS. 

A  (xlO“2) 

»  <.10^1 

1 

H20  (6) 

-0.398 

I 

41.364 

i 

MCI  (g) 

-0.227 

-0.139 

Cl  (g) 

40.299 

-t.437 

FeClj  (8) 

-0.640 

007864 

f«ci2  (g) 

-0.384 

-0.639 

f*2°3  (s) 

-1.930 

43.872 

YClj  (g) 

-2.240 

44.000 

-4.539 

46.811 

accuracy 

(kcnl/colc) 

source 

0.01 

jahai<29) 

0.1 

M 

2.0 

M 

1.2 

M 

2.0 

II 

0.3 

II 

3.0 

fieithelle'2** 

0.5 

Ackermenn  et  el 
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It  should  be  noted  that  the  data  for  YjO^  (calculated  by  Ackermann 

•t  al.^^  froB  previous  experimental  data^^*^^  Is.  substantially 

(36) 

different  from  earlier  data  by  Kelley  which  was  calculated  from 
estimated  heat  capacities. 

i 

No  data  for  YXG  or  YFeO^  has  been  reported  In  the  literature; 

however,  the  phase  equilibrium  for  the  system  Fc^C^-FeO-YFeO^  ^as 

(37) 

been  determined  by  Van  Hook  .  There  are  two  invariant  reactions 
In  the  system;  a  eutectic  reaction  In  which  oxide  liquid  Is  in 
equilibrium  with*  Y1G  and  Iron  oxide,  and  a  perltectic  reaction  In 
which  liquid  and  YFeO^  «re  In  equilibrium  with  YIG.  If  the  thermo¬ 
dynamic  characteristics  of  the  liquid  phase  were  known,  It  would  be 
possible  to  calculate  thermodynamic  data  for  both  YIG  and  YFeO^ 
from  Van  Hook's  results.  Calculations  which  assume  the  liquid 
phase  to  be  an  ideal  solution  of  FegOj,  FeO,  and  YjO^  liquids  give 
free  energies  of  formation  for  YIG  and  YFeO^  above  the  "common 
tangent"  value  by  approximately  15  and  20  kilocalories  per  mole) 
respectively*  Howsver,  for  an  Intermediate  phase,  such  as  YXG  or 
YFeO^,  to  be  stable,  its  standard  free  energy  of  formation  must  by 
less  than  that  for  a  mixture  of  the  end  components,  YjO^  and  FegO^ 

(l.e*,  below  the  common  tangent  between  the  end  components).  Thus, 
the  assumption  of  an  ideal  liquid  solution  is  quite  erroneous  and 
results  In  data  which  contradict  the  basic  criterion  of  phase  stability. 
A  suf/ey  was  undertaken  of  crystalline  oxide  systems  with 

Intermediate  compounds  for  which  thermodynamic  data  is  knovp.  It  was 

. 

found  that  the  standard  free  energies  of  formation  for  the  Intermediate 
phases  was  typically  only  1  to  10  kilocalories  per  mole  below  the 
common  tangent  value.  Therefore,  for  the  present  calculations,  data 


r 


5  and  3  kilocalories  per  mole  below  the  ccsnaon  tangent  values  were 
arbitrarily  selected  for  YFcO^  and  YIG,  respectively: 

AG*p(YFeOj1  a)  -  -329,800  +  63.55  T 

MV’,.75P'l.M<V  •>  '  -™‘m  +  “■«  T[=l3 

Results  of  Calculations.  The  calculated  equilibrium  gas  compositions 
for  Runs  16  and  27  are  given  in  Table  5. 

It  should  be  noted  that  although  FeCl^  has  a  lower  standard  free 
energy  of  formation  at  1200*C  than  FeCl2,  the  dissociation  reaction  (4) 
la  highly  favored  at  the  reduced  pressure  of  about  2  Torr.  The  data 
in  Table  5  indicates  that  the  reaction  is  nearly  complete.  At 
atmospheric  pressure,  however,  (all  other  conditions  held  constant) 
the  dissociation  only  goes  to  about  25  percent  of  completion.  Thus,  for 
other  iron  garnet  CVD  systems  0-7) .  (19),  (20)  vap0riEe  solid 

FeCl2  at  atmospheric  pressure,  it  is  not  a  good  assumption  that  Fe&2 
is  the  reacting  gas.  Instead,  thermodynamics  shows  that  FeCl^  is  the 
predominant  iron  chloride  specie  if  there  is  excess  chlorine  (either 
added  Intentionally  or  the  reaction  product  of  previous  deposition) 
present  in  the  system. 

The  free  energy  changes  for  each  of  the  CVD  reactions  for  Runs  16 
and  27  are  plotted  in  Figures  10  and  11.  The  lines  on  these  figures  are 
for  ease  in'  relating  the  various  data  points  and  should  not  be  construed 
to  represent  any  sort  of  continuous  function.  Free  energy  changes  for 
specific  compositions  only  -  Fe^,  YIG,  YFeOj,  and  YjO^  -  are  represented 
in  the  figures. 

i 

Computer  calculations  were  made  over  a  wide  range  for  each  of  the 


system  parameters.  The  plots  for  all  of  these  calculations  have 
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Table  5 


Cae 

0. 


h2o 


FeCi, 

FeCli 


TCI. 


Hun  16 
3.40  x  10“4 
1.60  x  10~4 


Partial  pressure  (atn.) 

Run  27 


0.21  x  10 
5.64  x  10" 


-4 


1.48  x  10 


-4 


4.79  x  10"4 
6.37  x  10“4 


0.08  x  10 
5.79  x  10 


1.68  x  10 


“4 

-4 


HC1 

C12 

Cl 

«2 

He 


10.07  x  10 


6.37  x  10 


6.71  x  10 


f* 

-6 


3.10  x  10 


r9 


8.85  x  10 


,-4 


9.94  x  10 
1.44  x  10' 


1.98  x  10 


r6 

-6 


2.30  x  10 


-8 


4.20  x  10 


-4 


Fe203 


‘/4YIG  YFe03 


Figure  11s  Calculated  free  energy  changes  for  deposition  of  various 
phases  -  Run  27. 


Beverr  1  features  in  common: 
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(1)  The  data  for  H20  as  the  oxidising  gas  is  congruent  with  the 
data  for  02  and  is  displaced  by  only  a  few  kilocalories  per  sole 
below  it. 

(2)  The  data  for  FcCl^  as  the  reactant  lies  a  few  kilocalories 
per  nolo  below  that  of  FeCl2»  and  the  difference  Increases  going 
towards  FCjOj  (See  Figures  10  and  11). 

(3)  The  largest  free  energy  decrease  is  always  associated  with 
the  deposition  of  YjO y  The  free  energy  changes  bacons  successively 
less  negative  for  YFeO^,  YIG,  and  Fe^O^. 

(4)  The  data  for  the  intermediate  conpounds  deviate  fron  the 
YjOj  -  Fe2°3  consnon  tangent  by  3  and  5  kilocalories  per  nole  for  YIG 
and  YFeOj,  respectively.  This  corresponds  to  the  arbitrary  negative 
deviation  selected  for  the  standard  free  energies  of  formation  for 
these  phases . 

The  effects  upon  the  thermodynamic  results  dut  to  changing  various 
system  parameters  (temperature,  total  pressure,  flow  of  excess  chlorine, 
flow  of  hydrogen,  ratio  of  iron  chloride  to  yttrium  chloride,  ratio  of 
chlorine  bearing  gases  to  oxygen  bearing  gas)  are  shown  in  Figures  12  ' 
through  17.  The  changes  in  the  data  for  changing  one  growth  parameter 
or  ratio  at  a  time  are  given  with  respect  to  the  conditions  (underscored) 
for  Run  16.  For  simplicity,  data  is  presented  only  for  02  and  FeCl^ 
as  reactant  gases  and  Fe^  and  YjO^  as  deposition  products.  However, 
it  should  be  emphasized  that  each  straight  line  represents  a  set  of 
fourteen  points  similar  to  those  in  Figures  10  and  11. 

Interpretation  and  Evaluation  of  Results.  The  thermodynamic  effect 
of  changing  various  system  parameters  can  be  catagorlzbd  in  terms  of 
a  translation  nnd/or  a  slope  chnnreof  the  AG  data  in  Figureo  12-17. 


AG  [  kcol  /  mole  ] 


Calculated  effect  of  changing  temperature 


Figure  12 


, 


30cc/min 


15cc/rr>in 


Nc  excess 
chlorine 


Calculated  effect  of  chancing  flow  of  excess  chlorine 


AG  [  Real  /mole] 
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Figure  ]5:  Calculated  effect  of  changing  flow  of  hydrogen. 


AG  [kcal  /  mole  ] 


10 


Figure  17:  Calculated  effect  of  changing  ratio  of  chlorine  bearing  gases 
to  oxyg.cn  hearing  gar.es. 
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A  translation  corresponds  to  equal  positive  or  negative  shifts  in  the 
thermodynamic  favorability  of  deposition  for.  all  of  the  piiar.es.  A 
8 lope  change  moans  that  there  urp  changes  in  the  relative  favorability 
of  formation  of  the  various  phases.  Temperature  and  system  pressure 
changes  cause  slope  changes,  while  the  effect  of  changing  the  flew  rates 
of  hydrogen,  excess  chlorine,  and  the  ratio  of  chlorine  bearing  gases 
to  oxygen  bearing  gases  is  one  of  translation.  Changing  the  ratio 
of  iron  chloride  to  yttrium  chloride  causes  both  a  slope  change  and 
a  translation;  the  favorability  for  the  deposition  of  FegO^  *s  on*y 
slightly  altered  while  that  of  YgO^  is  significantly  changed. 

There  are  some  correlations  between  the  predictions  of  the  thermody¬ 
namic  calculations  and  the  observed  results  of  the  deposition  runs 
(Section  III): 

(1)  An  increase  in  temperature  decreases  the  driving  force  for 
the  formation  of  YIG  while  that  for  YFeO^  is  unchanged.  This  agrees 
with  the  observation  that  YFcO^  is  deposited  instead  of  YIG  at  higher 
temperatures, 

(2)  The  general  observation  that  yttrium  containing  phases  appear 
most  upstream  in  the  deposition  zone  is  supported. by  thermodynamic 
result  that  ^203  *s  t*1Ci  most  ^flvorcc*  phase  with  YFeO^,  YIG,  and 

being  successively  less  favored. 

(3)  Eliminating  the  flow  of  hydrogen  substantially  reduces  l.he 
amount  of  deposition,  as  is  predicted  by  the  thermodynamics. 

However,  certain  observations  are  not  predicted  by  the  calculation:' : 

(1)  The  calculated  effect  of  total  pressure  does  not  predict  a  marked 
change  in  the  driving  force,  that  would  cause  vapor  phase  nucl cation  to 
occur  at:  10  Torr  hut  not  at  ?.  Terr. 

(2)  The  calculated  effect  of  an  ir.crc.ased  flow  of  excess 


cl\l  or.?  lie 
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is  to  decrease  the  overall  amount  of  deposit  without  changing  the 

/ 

relative  favornbi .1  it y  of  deposition  of  the  various  phases.'  However, 
the  observed  effect  is  an  increase  in  the  amount  of  yttrium  bearing 
phases  without,  a  significant  change  in  the  total  amount  of  deposit. 

The  Effect  of  a  Substrate.  Even  though  the  deposition  of  a  solid 
phase  may  he  favored  thermodynamically,  there  is  an  activation  energy 
barrier  to  nucleation.  Thus,  a  certain  minimum  driving  force  is 
necessary  for  a  phase  to  be  deposited  on  a  solid  surface.  However,  it 
is  likely  that  a  -lean  and  undamaged  YAG  or  GGG  substrate  presents  a 
surface  with  a  very  small  activation  barrier  to  the  nucleation  of  YIG. 

If  this  is  true,  epitaxial  YIG  films  can  be  deposited  on  garnet 
substrates  with  a  smaller  thermodynamic  driving  force  (AG)  than  is 
necessary  for  polycrystalline  deposition  on  a  random  surface.  This 
is  consistent  with  the  observation  that  deposition  rates  for  YIG  single 
crystal  films  are  significantly  smaller  than  rates  for  polycrystalline 
YIG  and  other  oxide  phases. 

Summary.  Certain  characteristics  of  the  present  YIG-CVJ)  system 
can  be  explained  thermodynamically.  However,  the  system  does  not  conform 
to  all  the  assumptions  necessary  for  the  calculations.  In  particular, 
the  non- legality  of  the  chlorination  reactions  and  gas  stream  depletion 
effects  due  to  heavy  deposition  near  the  gas  input  nozzles .complicate  mat¬ 
ters  considerably.  In  addition,  accurate  thermodynamic  data  for  YIG 
and  YFcO^  is  needed  before  the  calculations  can  be  further  refined. 

K.  Kinetic  Considerations 

The  behavior  of  a  flowing  system  such  as  the  present  YIG-CVJ) 
system  1g  strongly  dependent  upon  its  material  transport  characteristics. 
In  the  present  system,  gas  molecules  move  both  by  forced  convective 
flow  and  by  diffusion.  ; 

■'  i 

-  ' 
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sn~  Forced  Flow.  7'bo  bull;  velocity,  V,  of  a  gne  stream  flowing 
through  a  cylindrical  tube  is:  ! 


where:  F  *  volumetric  flow  rate 

A  11  cross-sectional  area  of  tube 


Using  the  system  parameters  for  Run  16,  the  bulk  gas  velocity 
through  the  deposition  zone  is  167  centimeters  per  second.  Temperature, 
total  flow  rate,  and  tube  radius  are  approximately  fixed  for  a  given 
CV1)  system;  however,  pressure  con  vary  widely.  The  ga3  velocity  at  10 
Torr  would  be  reduced  to  42  centimeters  per  second;  at  atmospheric 
pressure,  the  velocity  would  be  only  0.55  centimeters  per  second. 

For  the  gas  velocity  calculated  for  Run  16,  Cor  example,  the 
residence  time.,  T,  of  a  gas  molecule  in  the  deposition  zone  is  only 
about:  0.15  seconds.  This  short  time  cast  doubt  on  the  previous 
assumption  that  all  the  gases  in  the  deposition  zone  are  in  equilibrium. 

The  relaLive  gas  velocities  through  the  nozzles  can  also  be  determined. 
Although  the  overall  gas  llov?  is  divided  roughly  equally  between  the 


*/0 


throe  concentric  orifice:;  (Section  II),  the  cross-sectional  area  of 

t 

the  outer  annulus  through  which  oxygen  flows  is  about  twenty  times 
greater  than  the  areas  of  the  middle,  and  inner  orifices.  Thus,  the 
oxygen  velocity  is  much  slower  than  that  of  the  other  input  gases.  The 
resulting  velocity  gradient  present  where  the  gas  streams  first  contact 
each  other  is  a  probable  source  of  the  nozzle  turbulence  described  in 
Section  III. 

For  the  present  nozzle  geometry,  it  would  appear  that;  turbulence 

will  always  be  present  unless  the  outer  gas  velocity  is  drastically 

(19) 

increased.  Robinson  ct  al.  report  a  special  nozzle  design  to 

insure  laminar  flow.  On  the  other  Viand,  the  T-shaped  furnace  used  by 
(17) 

Mce  et  al.  appears  to  be  designed  to  enhance  gas  mixing  through 
turbulence. 

The  nature  of  the  flow  through  the  deposition  zone  farther  downstream 
can  be  determined  from  the  Reynolds  numbers 

N  *  ™ 

R  V 


where  s  V  **  kinematic  viscosity  (cm  /sec) 
From  the  kinetic  theory  of  gases: 

V  7c  -j-cl 

where:  c  »  mean  molecular  velocity  (cm/sec) 
1  «*  mean  free  path  (cm) 


From  the  Maxwell- Boltzman  distribution: 

'fikrVf 


/WV5 
\ffla  / 


where ; 


m  K  mass  of  molecule. 


The  mean  free  path  if.: 
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1  " 


JL_ 

Ila2n 


where:  a  «  scattering  radius  of  molecule  (r.m) 

_3 

n  «  molecules  per  unit  volume  (cm  ) 

2  -15  2 

Assuming  ideal  gas  behavior  and  a  *=  3  x  10  an  : 


1  -  1.10  x  10-5  f-ggjy 


(9) 

(10) 


where:  M  **  molecular  weight  of  the  gas. 

Using  the  growth  parameters  from  Run  16  with  47.2  as  the  average 
molecular  weight  (as  calculated  from  the  equilibrium  gas  composition) : 

<T  «  8.04  x  10^'  cm/oec 

1  ••  6.60  x  10"^  cm 
2  2 

V  «  1.76  x  10'  cm  /sec 
Nk  «  7.65 

For  fluid  flow  through  a  cylindrical  tube,  laminar  flow  occurs  for 
Reynolds  numbers  less  than  about  2000,  Thus,  laminar  flow  through 
the  deposition  zone  1r  predicted  once  the  nozzle  turbulence  has  subsided. 
Tltio  is  consistent  with  the  observation  of  the  second  zone  of  uniform 
and  relatively  light  deposition. 

(?)  Gas  diffusion.  The  kinetic  thcovy  of  gases  predicts  that 
the  ddffusivity  of  a  gar.  is  approximately  equal  to 'its  kinematic 
viscosity : 

1)  »  ctV  (11) 

where:  a  f-  constant  (1.2  <  a  <  1.4) 


n 


Taking  a  «  1.3,  the  cliff uslvity  of  the  gas  phase  for  Run  16  is 
2  7 

2.29  x  10  cm  /ace.  Assuming: 


where:  x  r-  diffusion  distance  (cm) 
t  “  diffusion  time  (sec) 


the  time  for  diffusion  of  gas  from  the  center  axis  to  the  wall  of 
the  deposition  zone  is  0,033  seconds. 

Combining  the  convective  and  diffusive  transport  (a  id  ignoring 
nozzle,  turbulence) ,  gas  molecules  entering  along  the  center  line  of 
the  deposition  zone  reach  the  wall  via  diffusion  a  distance  downstream 
from  the  nozzles  given  by: 


(12) 


This  expression  is  of  the  same  form  as  one  derived  by  Robinson  and 

/op  \ 

Wong''  .  Incorporation  of  equations 


(13) 


Therefore,  if  the  present  system  were  completely  laminar,  the  gas 
molecules  would  reach  the  deposition  zone  wall  5. A  centimeters  downstream 
from  the  nozzles. 

It  is  at  first  surprising  to  note  that  the  above  expression  is  inde¬ 
pendent  of  both  the  system  pressure  and  radius.  However,  pressure  has 

2 

exactly  opposite  effects  upon  V  and  D,  and  the  R  factor  in  V  cancels 
that  in  equation  (12). Thus,  equation  ( 13) '  indicates-  that  the  gas  transport 
characteristics:  in  the  deposition  zone  would  he  the  same  as  those  for 
a  similar  system  operating  at:  atmospheric  pressure. 
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{3)  Chemical  Kinetics.  If  transport  kinetics  are  rate.  controlling , 
the  above  discussion  predicts  equal  deposition  rates  for  atmospheric  and 
reduced  pressure  systems.  However,  transport  in  CVH  systems  is  rate 
limiting  usually  only  at  "high"  temperatures.  At  lower  temperatures,  rates 
are  controlled  by  a  chemical  raction^^  *  *  (41). 

Assuming  that  the  present  system  operates  in  the  "lower",  temperature 
range  where  chemical  kinetics  are  controlling,  the  deposition  rate 
becomes  dependent  upon  the  gas  phase  residence  time  in  the  deposition  zone, 
The  residence  time  is: 


where:  1  ■  length  of  the  constant  temperature  deposition  zone  (cm). 
In  terms  of  the  system  parameters: 


T  -  71.5 


(14) 


In  the  present  system,  pressure  is  the  only  parameter  in  equation 
(14)  which  can  vary  widely.  A  critical  residence  time  (and,  thus,  a 
critical  system  pressure)  exists  for  which  chemical  equilibrium  is 
just  attained  and  the  maximum  deposition  rate  allowed  by  the  chemical 
kinetics  is  reached.  For  shorter  residence  times  (lower  pressures), 
a  lower  deposition  rate  is  expected.  Equivalently,  the  effective 
chemical  driving  force  for  the  CVD  reactions  is  reduced  for  high  gas 
velocities. 

The  decreased  effective  driving  force  at;  2  Torr  relative 

to  that  at  10  Torr  is  consistent  with  the  absence  of  vapor  phase, 
nuclcation  at  the  lower  pressure.  The  higher  deposition  rates  reported 
in  other  garnet  CVD  sys terns can  similarly  be  explained. 

In  these  atmospheric  pressure  systems^ residence  times  arc  estimated  to 
be  approximately  two  orders,  of  magnitude  longer  than  in  the  present,  system. 
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The  effect  of  the  high  gas  velocity  at  reduced  pressure  appears  to 
he  a  tendency  to  "spread  out"  tlic  deposition.  Thun,  if  the  deposition 
zone  were  very  long,  the  total  amount  of  deposition  at  reduced  pressure 
would  he  equal  to  that  deposited  more  heavily  over  a  shorter  distance 
at  atmospheric  pressure.  The  observation  that  only  a  small  fraction 
of  the  generated  chlorides  are  deposited  as  oxides  in  the  present 
system  is  consistent  with  the.  reduced  effective,  driving  force,  for  the 
deposition.  If  the  high  temperature  region  of  the  furnace  wore  longer, 
more  of  the  chlorides  would  be  expected  to  react  and  deposit. 

Although  the  lower  deposition  rate  at  reduced  pressure  will  require 
longer  run  times  to  produce  films  of  a  given  thickness,  low  pressure 
systems  would  be  expected  to  have  both  longer  garnet  deposition  zones 
and  more  uniform  deposition  rates  over  a  given  distance  of  the  zone. 

The  atmospheric  pressure  CVD  systems  all  report  sub~ 

itnntial  gradients  in  deposition  rates  along  the  deposition  zone.  Thus, 
if  film  thickness  is  to  he  carefully  controlled,  a  low  pressure,  high 
velocity  system  would  potentially  yield  more  uniform  deposition  rates. 


V,  SUMMARY  A NO  CONCLUSIONS 


Up  it  axial  (single  crystal  YIG  films  have  bean  successfully  grown 

o 

on  YAG  and  GOG  substrates  by  chemical  vapor  deposition  at  about  3200  C 
and  2.5  Torr.  The  films  on  GCG  arc  crack'  free;  and  of  good  quality  an 
evidenced  by  ferromagnetic,  resonance  linewiuths  in  the  range  of  less 
than  one  to  a  few  oersteds  and  by  very  uniform  domain  patterns. 

Measured  lattice  parameters  of  the  films  arc  approximately  0.03  percent 
smaller  than  the  literature  value  for  YIG. 

Films  up  to  2. A  microns  thick  were  achieved  with  deposition  rates 
of  approximately  one  micron  per  hour.  The  surface  condition  the 
films  is  directly  determined  by  that  of  the  substrate. 

Computer-aided  thermodynamic  calculations  of  the  equilibrium  gas 
composition  in  the  system  and  of  the  free  energy  changes  for  the 
deposition  of  the  various  possible  oxides'  were  made.  Certain  character¬ 
istics  of  the  deposition  in  the  system  can  be  explained  by  the  results 
of  these  calculations. 

The  observation  of  vapor  phase  nucleotion  atlOTorr  but  not  at 
2  Torr  is  thought  to  be  due  to  the  lower  gas  velocity  -  and,  therefore, 
higher  effective  driving  force  -  at  the  higher  pressure.  Similarly,  the 
lower  rates  of  deposition  observed  in  the  present  system  relative  to 
systems  operating  at  ntmor.pharic  press;  re  is  believed  to  be  due.  to  the 
significantly  higher  g:avclocity  through  the  deposition  zone  in  the 
present  cose. 

Improvement  of  the  yttrium  chlorination  process  is  necessary  before 
films  can  be.  grown  more  rcpeatably  and  to’ greater  tbickv; asses. 

If  optimized,  the  present  reduced  pressure,  direct  chlorination  CVl) 
system  will  have  certain  advantages  over  other  ry..iC.,;S  reported  In  the 
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3  i  t  *_•  i t  t.ii.:.  Dl  ivr.t.  rout  ro I  of  the  clilor:icl(  transport:  rater.  and  more 
uni  Co  re  j  to.  lli  rale  ;  rlonj*  1 1 1  c*  depooi  tion  zone  are  potentially 
available  with  tlu;  present  cyntoiu. 


• — J 


Syr.  tfiii  3  mpr ovemon  U: .  lie  fore  the  present  CVi.)  system  can  be  optimized  , 
It  1b  necessary  to  improve  the  yttrium  chlorination  process  to  prevent 
oxidation  of  the  metal,  lor  envisioned  future,  work,  a  constant  rate,  of 
chloride  generation  for  several  hours  and  perhaps  several  days  will  he 
required.  Sup, jested  possible  methods  for  preventing  the  oxidation  are 
(1)  a  flow  of  hydrogen  or  soma  other  reducing  gar.  in  addition  to  chlorine 
through  the  chlorine tor  tube  and  (2)  further  increased  flow  of  inart  gas 
through  the  ch'lorinntor  in  order  to  increase  the  total  gas  velocity  and 
thus  prevent  bach  diffusion. 

A  longer  constant  temperature  deposition  zone  is  suggested  for 
studying  the  deposition  characteristics  over  n  greater  distance. 

Parameter  Optimization.  More  work  is  necessary  to  optimize  the 
crystal  growth  conditions,  first,  in  order  to  produce  films  rcpentnbly 
end  then  to  optimize  the  parameters  with  respect  to  crystal  quality. 

More  detailed  characterization  of  the  deposited  films  v?ill  he  required 
for  the  latter. 

Future  Research.  Some  of  the  potcnti.nl  applications  of  epitaxial 
YIG  require  films  tens  of  microns  thick  or  even  hulk  single  crystals  of 
centimeter  size.  Other  applications  call  for  doped  YIG  films  mid  bulk 
crystals  and  materials  with  controlled  property  (end,  therefore,  compo¬ 
sition)  gradients.  In  all  cases,  materials  of  high  purity  end  quality 
ore  required. 

The  materials  described  above  potentially  can  he  grown  by  CVI)  at 


reduced  pressure. 
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INTRODUCTION 

/ 

* 

Since  the  discovery  of  a  high  quality  ferrite  material  yttrium 
iron  garnet  (YIG)  over  ten  years  ago,  Magnetostatic  modes  have  been 
investigated  theoretically  and  experimentally.  Devices  such  as  YIG 
delay  lines  utilizing  magnetostatic  waves  have  been  successfully 
constructed.  It  has  also  been  proved  that  magnetostatic  waves  can  servo  ns 
a  bridge  providing  coupling  between  electromagnetic  power  and  exchange 
and  nagnetoelant.ic  powers^. 

Damon  and  Eshbach  solved  the  problem  of  magnetostatic-  modes  in 
2  3 

a  ferrite  slab  *  ten  years  ago.  Surface  modes  wo.re  predicted.  Current 
interest  in  surface  wave  technology  makes  it  advisable  to  revaluate 
their  results. 

Nonreciprocal  magnetostatic  surface  waves  have  been  observed 

4  3 

propagating  in  YIG  slabs  and  epitaxial  thin  films  *  .  In  these  experi¬ 
ments  the  magnetic  field  is  applied  parallel  to  the  slab  surface  and 
orthogonal  to  the  wave  vector. 

In  addition  to  the  unique  nonreciprocal  property  of  magnetostatic 
surface  waves,  Morgcnthaler  predicted  that  Independently  controllable 

propagation  and  decay  constant  would  be  attainable  if  the  magnetic 

6  7 

field  is  tilted  away  from  the  ferrite  surface0*  ,  It  appears  possible 

to  switch  the  surface  wave  propagating  along  one  slab  surface  to  the 

f)  7 

other  hy  properly  twitching  the  bias  magnetic  field  direction  *  . 

Due  to  these  novel  properties  of  surface  waver,  potential  planar  devices 

such  nr.  isolators,  switches,-  etc.,  nay  bo  realizable  at  microwave 

•  • 

frequencies. 

In  this  thrr. I ,  vu  present  detail'  d  theoretical  and  experimental 


method  of  Approach  to  such  problems. 

Chapter  I  is  a  brief  review  of  magnetostatic  spin  waves  in  an 
infinite  ferrite  medium.  Small  signal  equations  of  motion  are  stated 
and  solved  in  a  medium  biased  by  uniform  DC  magnetic  field.  Quasi- 
normal  inodes  ate  then  used  to  discuss  wave  propagation  in  tempera  lly 
or  spatially  non-uniform  medium^'^*^,  All  concepts  and  techniques 
used  in  this  chapter  prove  to  be  essential  to  the  understanding  of 
surface  waves.  As  a  matter  of  fact,  they  usually  can  be  carried  straight 
through  to  the  latter. case. 

Chapter  2  is  devoted  to  the  study  properties  of  surface  modes.  We 
start  from  a  semi-infinite  ferrite  medium  and  then  consider  a  slab  of 

finite  thickness.  Normal  modes  are  analyzed  in  detail  by  diagonalizing 

,  "» 

the  torque  equation  when  only  the  dipolar  field  i,c  present,  but  the 
results  eon  be  easily  generalized  to  include  other  r£  magnetic  fields. 
Finally,  switching  of  surface  modes  is  discussed  in  torus  of  normal 
nodes  ami  the  dispersion  relation. 

Chapter  3  is  a  report  on  our  experimental  results  conducted  on  YIG 
slabs.  A  surface  wave  pulse  at  microwave  frcauencies  is  excited  and 
detected  using  fine  wire  antenna  when  the  DC  magnetic  field  ic  biased 
to  operate  in  the  magnetostatic  region  but  in  in  n  general  direction 
transverse  to  the  wavr;  propagation  direction.  Data  collected  are  l hep 
correlated  with  the  theoretical  predictions. 


CHAPTER  I 


MAGNETOSTATIC  SPIN  WAVES  IN  INFINITE  FCKKITK  MEDIUM 


Owing  to  tlit!  effort!1;  of  ion ny  pioneer  workers  In  the  last  decade ,  a 


Jot  of  Information  on  volume  magnetostatic  spin  waves  has  already  been 


complied.  In  thin  chapter  only  that  portion  relevant  to  the  understanding 


of  magnetos tat ic  surface  wave 


will  he  reviewed.1  Our  discussion  starts 


from  the  plane  wave  solution -of  the  linearized  equations  of  motion  for 


the  infinite  ferrite  medium  and  is  followed  by  the  method  of  normal 


modes  treating  the  problem  of  magnetostatic  spin  waves.  The  last  section* 


summarizes  the  important  experimental  literature. 


Exchange  interaction  of  spin  waves  is  here  only  briefly  discussed 


and  magnctoulastlc  interactions  arc  not  included  at  all 


reader  io  referred  to  many  other  excellent  review  articles  ’ 

1.1  Small  Signal  Equations  of  Motion 

In  n  lossless  saturated  ferromagnetic  insulator,  the  motion  of  the 
magnetisation  vector  is  described  by  a  set  of  small  signal  equations  of 
notion  governing  interactions  between  the  electromagnetic  and  spin 


For  the  electromagnetic  system, 


Hrj 


For  the  ij|J.n  system,  the  large  fsi f'.nn  1  torque*  density  equation  is  of 
the.  for:1' 


dt  V}'  x  H 

The  torque  equation,  when  linearized,  becomes 

If  =  -co„  4X  ("  fn  +R  +f?) 


(1.2) 


(1.3) 


wins  re  (vj-MrlW,  in  if*  the  sir.nl  1  transverse  component  of 

M  i  **  tlwj  total  internal  magnetic  field,  h  the  Maxwellian  r£ 

field  and  the  .vector  h1  is  the  total  effective  rf  field  arising  from 
magnetic  anisotropy  hftn,  exchange  h°X  u  V  FO  ( /\  is  the  e::c linage 
constant),  and  anythin;*  else.  For  cinplicity  we  neglect  the  anisotropy 
fields  here.  To  simplify  notation  we  define 

g 

-H.M  a.o 

and 


C0m=  -  IJi  M 


(1.5) 


where 

is  the  appropriate  demagnetizing  factor  arising  from  Lhc  surface 

90 

dipolar  magnetic  field 
and 

*f  io  the  gyrowagnetie  ravin  (negat  ive  for  elect. )  ons) . 

1.2  Plane  Wave  Solution  !n  Infinite  Ferrite  Medium 

Unless  otherwise,  expl. lei  tely  stated  we  as  so  o  the  f '’trite  sample 
under  d  I  sense, i  on  is  biased  with  a  I'd  magnetic  field  uniform  spatially  as 
well  as  temporally.  In  such  a  medium,  live  general  solution  of  field 
«ju  nt.  ill.*:;  vil.l  b  th«.  s  perpos  1 1  j  on  •’  i  v  plan*  vevc.:i  each  '.  ’ll)  a 
O  i  I'ei  iv'  !’)■«.  n:  i  *')  (/'  an  i  \  o  ;  ’  i  ...  'I  i  i  e  1  on  1  ct\  .  n  (/)  and  1 
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in  torncd  the  di;; 

pc;v:;ion  rcOat  ion.  For  a  .single'  wave  component, 

vc  have 

)  - 

r  Re  (  B  exp^ot-  R*r-)  J 

(1.6 a) 

mll'/l-)  ~ 

r  Rc  [  m  ey  p  j  C<ot-  R  •  r )  ] 

(1.6b) 

eOyt)  = 

-  Re[§  Gxpj(/ot"k-F')] 

(l.Gc) 

h,  in ,  f*  arc  com)' 3. 

cm  vector  field 

r.  unt  is  tying 

j  r<x  b  ; 

~  j  ttJ  (3  5 
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(l-7a) 
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U^-LO' 
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//  ,  t  lion  iv  "M  n 

• 

r.  ( ’ ■  p *  iOcvi.  (1,7)  end  (i.8)  we 

);rt. 

i :  (  !<  '  il )  !' 

(i  i  x. )  le  ■<■■■ 

(1.10 
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which  gives  the  dispersion 

JL fete''  0-  (z-t-i)  ±  {b-CK-i  0-  il]  5  -v  4  ><!: cos  ^  '!-■ 


'V 


2  C'X  Sin' I  ) 

where  njj'is  the  propagation  angle  with  respect  to  z  anJ.r, 

„  Js£*!sL 


(1.3?) 


Equation  (1.12)  is;  plotted  in  }'ig.  (1.1).  The  dashed  curve  In  the 
solution  for  ordinary  wave  where  the  rf  h  field  is .parallel  to  M,  and 
the  solid  curve  is  for  extraordinary  wave  where  the  rf  h  field  in 
prependicular  to  M, 


1,3  Magnetostatic  Approximation 

It  has  been  shown  that  when  K  >)*  K  or  |s  <(<  solutions  of 

r 

(1,7)  approximately  statisfy  V  X  }*)  -*  O  and  give  rise  to  an  electric 

-  -13 

field  c  of  higher  order  than  h'  .  In  such  regions  of  k  this  so  called 
magnetostatic,  approximation  is  a  very  good  one.  Inclusion  of  the  exchange 
interaction  may  or  may  not  be  required , depending  on  the  wave  number  of 
intercut, In  addition,  if  the  ferrite  sample  considered  is  comparable  to 
the  wavelength  of  the  magnetostatic  wave,  boundary  conditions  may  modify 
the  dispersion'  drastically,  Boundary  conditions  in  the  absence  of  the 
exchange  interaction  arc  the  ordinary  Maxwellian  conditions  requiring 
continuities  of;  the  normal  component  of  magnetic  flux  and  tangential 

components  'of  magnetic  fields,  The  exchange  boundary  condition  is 

jy, 

'■*' discussed  in  reference.  , 

In  the  magnetostatic  approx Jma tie  i,  qqu at  ions  (1.1)  reduce  to 

0.13.  ) 

0  .nb) 

(3  .  i  >.  ) 


a  ---  o 

V  >■  il  -  -  ° 

V  <  h  "O' 


By 


nnd  V  X  <  --  --  £  (  ii  *1*  1  1  1  ) 


V  '  <2t 


(1.13d) 

(1.13r) 


Kqnnt  Jon  (l.)3b)»  when  ini  curated,  pi  ves 

Y\  v  (l.io 

Together,  Kq n .  (.1 . V)  and  (1.1.3c)  yield  l.’.tlher 's  equation  for  J,e 
potential. 

In  the  following  section,  inagnetostatic  wave  solutions  arc  obtained 
directly  by  solving  the  torque  equation.  This  approach,  the  author 
believe:; ,  is  more  i)  luminatinp,  physically  end  allots  convenient  jjonornli- 

ant ion. 

>> 

1. 4  Kornnl  Modes  of.  Magnetostatic  Vaver. 

In  the  wignctontatic  approximation,  a  particular  solution  of  the 

m 

dipolar  field  h  is  evidently 

b=-R(-^-)  o-w 

Together  with  the  exchange  field 

j - A  Hr,  »3  <1'16> 

they  constitute  tb  total,  rf  field  for  our  purpose,  because  the  homo- 
ficncjoiu;  solution  drops  out  in  a  Infinite  ferrite  «:c;tl .1  tii.t • 

For  ir.aS  hor.;  simplicity  hut  without  lee;  in;;  fjenevvi l.i  i.y ,  the 

•  • 

coordinate  system  used  in  this  section  is  shown  below 
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With  this  choice,  equation  (1.3)  heconen 
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upon  ri«ili:;t.il  ution  of  Kqus.  (1.15)  oncl  (1.10) 
To  «H;i;;»"m.il  i::e  Kq.  (1.1/),  we  define 
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(1.17) 


(1.18) 


(1.19) 


After  substituting  (1.1 9)  into  (1.17)  we 
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ir-  tbe  spin  weve*  clHsticity,  end 
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(1.20) 


(1.21n) 


(1.21b) 


in  Mu  dispersion  of  rwT^nei.os'/ntic  wives  in  infinite  Medium,  hr  on 
(1.70)  wo  luve  two  decoupled  ncivn.il  Modes.  They  ore 

'o  j(* 
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(1.77) 
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and 
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The  first  modes  .1  r.  a  count  er-clochv.i’.r  elliptical  1y  polar  i:md  wive 
traveling  along  1:  direction.  by  count  or  -c)  ocl.vi re.  we  r.oan  rotation 
from  >:  axis  *:«•  >  axis.  The  other  n.de  in  a  clochwi :;o.  c  ).Hpt ".cally 
polnri/.ed  wave  trnveli  ng  a  lor."  -1;  direction. 

1,5  Effect  of  Kon-uniiorn  Fields 

The  propagation  eharcetcrir.t  ice  of  magnetostatic  waves  in 
temporally  of  spatially  non-uniform  bins  field  can  host  ho  understood 
from  conservation  theorems  for  small  signal  energy  and  momentum.  Those 
topics  have  heeu  treated  extensively  hy  Morgontl  i? er^ 1  ^">,  The*  main 
results  are  described  below, 

« 

The  small  signal  energy  density  come  from  magnetic  Zeeman 
dipolar,  and  exchange  term  (anisotropy  energy  is  neglected).  The 
electric  field  In  of  higher  order  which  contri.hu ten  little  to  the  energy 
density  term  hut  the  «lt  ctrompnetio  power  flow  in  still  of  comparable 
magnitude,  and  thus  ran  not  bo.  thrown  awry, 

With  noma  manipulation,  Kqc. .  (1.1),  (1..T),  and  (.1 ,  imply 
following  conservation  laws. 
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(1.25a) 


0  —  I  ,"<■  y  mV; 

<?-  '<-Vo  v  3'Aj  x  '  J  A>- 


(1.25c) 


arc  small  signal  power  flow,  onoryy  density  and  inoncuituri  density,  £  lc 
the  stress  tensor,  p  the  power  dentil  ty,  and  f  the  force  density.  In  a 
JowIusjs  .'ys ten,  p  5 a  the  time  derivative  i  f  hinsinj*  DC  field,  end  C 
the  sum  of  spatial  derivatives  of  naterlnl  parameters  and  vector  f  ields. 

From  t  he  qu  is  j-par tic  1  e  point  of  view,  It  ir.r.y  ho  shown  that 
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Tn  s  iu:1i  a  Medium  flu?  \mv«  pnchel  propagator.  with  a  const:..!  V  i.i  unteu 
density  but  varied  energy  content:  and  power  How.  Wron  Kqs.  (3 .  !!6)  we. 
conclude  t licit:  in  a  time  varying  but  spatially  uniform  medium,  magneto¬ 
static  spin  wave:;  propagate*  at  constant  wave  jar  her  and  constant  average 
tijiUi.ll  signal  ujouientuiii  but  with  variable  frequency  ,  average  power  and 
average,  energy.  Similarly,  in  a  time  invariant  hvit  spatially  noii-unif un*. 
medium,  magnetostatic  spin  waves  propagate  at  const  ant  fr<  quoncy  average 
power  and  energy  but  with  variable  wave  number  and  mc;ncu  l  ui 

In  discussing  the  propagation  of  magnetostatic  spin  waves  in  the 
non-uniform  medium,  cpiaai-normal  mode,  method  i.*  especially  useful.  Tn 
essejui*.!,  it  is  .just  the  so  called  bJ.ouvi.Ue  or  with  appro::! mat ion,  which 
1r  «  been  sueocri.ful.ly  applied  to  the  spin  wave  propagation. 

Suppose  the  bias  magnet Jc  field  is  temporally  varied  in  magnitude, 
then  all  time  derivatives  in  equations  of  notions.  (!,.!)  and  (1,3)  ran  not 
he  replaced  by  .  by  taking  derivatives  of  hqo.  (.l..lf?)  and  subst ifutfi 
Kq !>■  (1.37)  and  (1.19)  into  the.  resulting  equation,  wo  get 


'  ,  k. 
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where. 
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So,  in  a  l.it.'e  v.' tying  medium,  l  he  two  originally  t’c  -espied 
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):  (1  i  ruction,  there  will  lx  a  reflected  v.vivc  when  tin'  PC  field  is 
varying.  )!uL  In  ;m  ndi  sbctica)  )y  changing  Medium,  Jo , ,  till;  biasing 
field  varies  only  slowly  over  a  period  of  ose  j  1  Hat  Jon,  then  i^#  will  be.. 
Unite  final],  the  reflected  wave  .if;  then  usually  negligible. 

If  as  usual  (2  <C  ,  we  nee  that 


1)3 


/)'  <2Xp[(  (C'  ,luJ)-'i] 


(1.30) 


Tlio  wave  propagates  with  variable  frequency. 

In  a  .spatially  non-uniform  but  time  invariant  medium,  the 
spatial  derivative  must  be  retained.  Quasi-normal  nodes  still  apply, 
fiiniliar  to  the  ef.fi c  we  have  discussed  above  .  For  details  please  refer 
to  reference?;  The  result  is  that  G>;pCjl>vJ  is  replaced  by 

(vyp  j"(J  under  mutable  const  mints,  such  tin  the  wave  number  V.  should 

i 

vary  slowly  enough  ever  r.  wavelength  and  the  wave  is  not  too  close  to 
the  singular  point. 

1.6  Summary  of  Ih;pt  riwental  Facts 


The  excitation  of  spin  waves  can  be  achieved  in  many  ways. 
Although  direct  excitation  is  possible  under  certain  conditions^, 
the  must  efficient  way  is;  to  make  use  of  temporally  or  r.patinlly  non- 
uniform  fields. 


Coupling,  to  .spin  waves  by  acoustically  injecting  signals: 
through  time  varying  bins  fields  was  successfully  accomplished  by 
Mo vgenihol or  and  Hu  The  more  conventional  method  proposed  originally 
1)  [ichldmaun  to  achieve  this  end  in  through  the  non-unif urn  internal 
field  of  non  el  ].!  jia.oidal  s.viplr.  This  method  .Is;  d<  scribed  below  explain?; 
the  0MC.it:  i .  Vn  of  90  degree  propngut  Ing  ?pln  waves:  •  • 

Ti.  <•>  ’  ei  (  .  ’i,  i  en  o'  Mi':  d  ?  v  '  by  Collin  and  hi:. 
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coworV.cn;  ,  i.u  that  low  1:  magnetostatic  wave*;  ru  t*  at.  first  e>-.c.ite«1  at.  tlw* 

sample  edge,  As  these  vn von  propoxate  in  the  non-  unifenn  modi tin ,  they 

are  finally  transformed  into  ry ! n  waves  willt  1  a rge  wave  number.  llov? 

large  the  1  number  can  he  dr  pends  on  the  eh  elute  value  to  the  lotai 

internal,  field  and  the  dispersion  relation  c>f  waves  consistent  with  the 

given  sample.  The  efficiency  of  excitation  depends  critically  on  the; 

spatial  gradient  and  absolute  value  of  internal  bins  field  ac  well  as 

the  spin  wave  line  width  of  the  sen. pi e  used, 

Damon  and  Van  dc  Vanrt  observed  90  degree  magnetostatic  spin 

1  9  20 

waver,  propagating  in  a  normally  Magnetised  dirk  or  rod  "  •  '  ,  Tor  the 
case  of  normally  magnetized  dish,  the  dispersion  of  magnetostatic  nodes 
was  obtained ,  The  dispersion  of  different  nodes  is  shewn  in  Tig.  1.3. 

The  resultant  internal  magnetic  field,  modified  by  dtwagr.etJr.ing  field, 

t 

is  shown  in  Fig.  1.4,  Approximately 


|-|-,(r)  -  -  |-|i(o)  -i-/3  r* 


0.31) 


where 


/*“  fl  M 


Here,  o  is  the  thickness  and  U  ir.  the  radiv.r.  of  the  dish.  bV  define 


5 1  life)  —  II  ( o) - Ih '-'•"UV'- 


0.32) 

For  ,  propagation 'oci urs  solely  as  w.agnet  os.t  aV.ie  waves, 

The  effect  of  non-uniform  'Meld  is  shove  in  V'i.g,  )..!»,  The  wave  is  at 

first  excited  in  the  low  V.  i.npacl  ostat it;  wave  ).e,  inn  at.  tie  dish  edge, 

but  os  it:  propagates  toward  the  center,  the  h  wither  will  increase. 

)  (.•<  use  the  d  tf.perr:  I  on  give.-,  a.  slower  group  ve.1.  iiy  U.  i:  fields  closi 
•,  i' 

to  )  f  *  V.  '*  f°'  •  1  --'MM  .•  h*  •  .1  .  d.  d.  , 


')(, 


end  therefore  most  of  the  pro;*  >gal  J on  will  occur  in  that  region.  If 
is  adjusted  t;c  i,Jv  ■  n  sintl) or  J)  Hi  (®)  ,  1  lie;  tic;) ay  L.im^  of  magneto- 

st.it  it.  imvi-k  will,  lie  J  nai'anci] .  Tin.  maximum  delay  occur  v:licn  5J  J  i  (0)'~  C>* 
llrignotost at  fc  .waves  are  extremely  sensitive  to  changes  of  Mas  f  ield. 

The  delay  tine  is  a  strong  function  of  'j  I  !i  (C)  ,  FurthuC 

decrease.  of  |-{0  make:;  5  I  eW)  negative  and  so  results  in  high  k  exchange 
dominated  spin  raves.  These  waves  are  faster,  to  the  delay  tines  will  be 
lowered.  Since  exchange  dominated  spin  waves  have  comparable  v.*av<  lengths 
with  that  of  elastic  waves,  they  couple  strongly  with  each  other 
h’ithin  that  region  of  operation,  magnetos  fasti  c  ,  f  erne  lions  can  not  be 
neglected. 
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sukfack  iiaiotostatjc  spin  v:avj:s  jk  it.uriti-s 


In  the  In  r.t  elm  peer,  vm  concentrated  on  magnet ofita tic  bpln  waves 
In  an  infinite  medium.  Many  properties  a  ml  techni  qiu  a  di  seussed  t  Inure 
can  be  carried  straight  through  to  the  surface  wave  case ,  except  that  in 
the  latter,  boundary  conditions  play  dominant  roles.  In  this  chapter, 
normal  modes  of  surface  waves  are  reviewed.  The.  dispersion  characteristics 
arc  discussed  in  detail.  The  exchange  interaction  is  neglected  here 

because  we  arc  primarily  interested  in  magnetostatic  waves  with  wave 

3  A  **  1. 

numbers  smaller  than  10'  -  .10  cm  « 

Because  of  continuity  and  clarity  of  discussion,  we  present  in 
the  following  sections  only  (be  highlights  of  magnetostatic  surface 
waves,  for  Mathematical  details,  please  refer  Lb  Appendix  C  and  1), 
References  (2)  and  (6)  arc  also  pertinent. 


2.1  Surface  Modes  of  Semi-infinite  Medium 

bet  us  consider  an  semi-in  finite,  medium,  ’  transversely  magnetised 
in  arhirary  direction.  The  Medium  is  temporally  and  spatially  uniform 
(along  Y*o  and  direction).  The  geometry  of  the.  probleii  and  the. 
coordinate  system  used  is  shown  below. 
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!>]u  it  ‘  ..t  .  of  .  iili’t  f < •  |  til*-  it  ri  fle  are  3. 1  s  cqtuitJons  in 

tin  i  ,  ni-tost  uir  approx  hi.!  t  Ion  ;iiul  tin*  torque  equation  as  Riven  by 
!N|:;.  ( !  .  1  J)  .mi!  (1.3).  Jlonn'l  ity  condition:;  require  that  tangential 
ci impu  i  .it  :  of  li  .loll  norr,..il  i  <•  onent  of  h  *  >V  oe  continuous  across 
l  lie  mu  fan;  'J-,  O  , 

J’lant  ve  so' ut  ions  niiiforis  In  X  direct. Jon  are.  sought  since 

a 

they  i.iiifotin  to  tic  proposed  excitation  ami  appear  t:o  he  reasonable 

phys  ictl  iy,  Then  •  ve»  vary  spatially  in  the  ferrite  rep.  loti  according 
j>k,z  '  -  j/.;v  -  i.uaj  ~<km  y 

to  C.  ’  (?  i  or  equivalent  ly,  Q  '  (’  C  ,  The  decay 

eoi.it  nf  C\  is  norm  My  positive  teal  far  tmtTaee  yavow  hut.  In  general 
nay  In.  eonple/,. 

Nap, leaf  In;';  each  :n?c  .m.l  an  IsoC.t  npy  fi  el.de,  the  It  field  in 
entirely  dipolar  ^n  n.  ture,  h'Jthiu  the  j.'.iij'iH'loiit at  I c  nppfo:<:Ji,iat.ion  It  in 
Riven  by 
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(tonstrai nod  by  t Ik*  boundary  conditions,  it  can  be  shown  that 
(see  appendix  C)  tlie  only  mode  vdiich  can  possibly  be  supported  by  a 
geometry  shown  in  rig.  2.1  is  a  surface  node  characterized  by  a  positive 
real  and  negative  real  I'y.  .  In  a  tcnnprnlly  unifonr.  medium,  nil 
field  quantities,  such  as  b,  Tii  vary  according  to  >  G.J  •  The  frequency 
tO  is  determined  by  the  dispersion  relation 
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subject:  to  the  relations 


,  [\  b)2  "™o  •  *  u)cl‘U  J 1  ^  . 
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(2.5) 


and 


Ivl  -\‘  r\  _  J00  ,  * 


(2.6) 


The  surface  nodes  in  a  seni-inf Jnite  r.cdiua,  although  a  theore¬ 
tical  idealisation,  tire  the.  approximate  magnetostatic  cigciv.odes 
supported  by  a  ferromagnetic  slab  of  thickness  large  compared  to  'Av  . 
Most  o.f  the  characteristics  of  surface  vavc  propagation  manifest,  them¬ 
selves  in  this  solution. 

liy  examining  the  dispersion  relation  (2«4) ,  wn  tee  that  the. 
frequency  is  .independent  of  k.  This  is  the  Jiu.lt  of  the  true  magneto¬ 
static  surface  dispersion  when  1:  becomes  large,  Introduction  of  exchange 
internet  Ion  will  cause  the  il.'n  pe'uvlon  to  curve  upward  proportional  to 
1:",  white  i .!  er.t'ro.v.  tgneiic  afreets;  will  bend  the  dispersion  down  in  the 


too  V 
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Since  only  oik!  r,o<!c  exists  In  rtcml-infl nitc  medium,  the  geometry 
shown  In  Fig.  2.1  con  support  only  nonreciprocal  waves  propagating  in  one 
lUn-ctloii.  Because  <\  is  always  positive  while  the  sign  cO  in  control- 
led  l>y  COSO  ,  for  O  less  then  "'V'L  tJio  surface  wave  propagates  in 
Ihc  negative  «:  direction.  On  the  other  hand  for  ©  larger  than  ~^/z  , 

it  propagates  in  tlie  positive  •/.  direction. 

Furthermore,  the  left  side  of  Kq.  (2.6)  is  always  less  than  1, 
so  that,  for  positive  ,  *  ; 

o  <  -■£  iv,’;o  <  i  (j.?> 


Ho  solution  exists  when  O  is  larger  than  a  critical  angle  given  by 

-os'  v/£ 


Q.;t  ”  CM 


(2.8) 


Upon  substitution  of  (2,8)  into  (2. A),  ve  «ee  that  at  the  critical 
angle 

cV  -  O 

which  as  expected  is  .just  the  upper  Unit  of  the  volume  wave  spectrum 

Therefore,  as  wo  till  the  bias  field  to  increase  the  angle  Q  , 
o’  vvi.  11  dec  rease  until  the  wave  become  uni  form  across  the  transverse 
plane  and  the  dispersion  \  ill  coi.ie  down  smoothly  tv  the  top  of  volume 
mode.*;  i.iau  i  fold  as  shown  in  1 ' i ; ; .  2.3, 

''2  II  '  •  i  ■  ‘  >  t  I"!  a!.> 

lain  ii  o'  :  i.  0 'C  In  '  i  o  r  ;  )j  J, .)  as 


(2.9a) 

(2,9b) 
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illustrated  in  2.2,  lt'juiriMi  tli.it  the  general  .solution  should  be: 

superposition  of  woven  permitted  by  (2.5)  . 


Fig.  2.2 


The  slab  g r.or.o.try  shown  in  F:I g.  2,2  in  uniform  along  Xq  nnd  7.^ 

direction,  and  the  dimension  in  X  direction  in  considered  infinite  here. 

o 

So  in  addition  to  a  forward  wave  (denoted  by  index  f),  we  have  another 
contribution  frcai  the  reflected  wave,  (denoted  by  index  r)..l’l«snc  wave 


(2.10c) 


where 


ami 

ami 
Vela  ted 

com:  ir  t:e 
('■•m  po:,f 
■slab  f.ur 
si  mmo  i  d 
r i  i  ;uenc 


1()/| 


i:  .  o  1  v'  (  b'%  , 

11  '  '  v:  I  -  1  y  .  w  ' 


f 


or 


y-<o 


h  '■  -  Re 


1 


h  A 


e  e  (z.iod) 


u  y^° 


i  o  *  .i 

ky  ,lyu  -1-  >2. 


(2.11n) 


ky  */.  +  1r/-  ;z 


(2 . lib) 


ST  -  j  K 


(2.12) 


k,  are  positively  and  negatively  veal  respectively.  They  are 

(i 

to  L°  by  )hp.  (2.5). 

Despite  inf  ini tcly  many  discrete  volume  modes  that  can  cKist  in 

n(:  with  the  flab  geometry,  there,  arc:  only  two  surface  modes  that 

.1  tv.lv  he  supported  as  required  hy  boundary  conditions  across  both 

faces  (sec:  append b;  !>  avi.l  section  2.3).  Those  surface  modes  vary 

j  (0  t 


.1.1. y  in  time*  as  Q 
y  is  ;;  i  vrn  by 


in  temporally  uniform  medium.  The 


U.)  ■'  ^ 


(2.13a) 


ho 


where  ftj,  is  the  positive  solut  ion  of  the  following  dispersion  relation 


tOt,  tl)0  •*  LO.lo, 


m 


|’  L:l  Co.V  O  ^ 


<2, 13b') 


-I' 


-u^Colc  *t<\Ylo>ib'o 

[ftL  5r»  0 1 

w 

t, 

n'D-l] 

?  (totfcJO- 

::0 

1 

Let  n ml  be  the  forward  and  reflected  wave  mnpl  I t:mh<  of  <ny  compo" 
nent  of  fj  in  (2.10),  eg.,  I Tip  ,and  •  1’Iion  Qj  and  Q ^  are  pel  alee  by 

Gy  ^  _  kz  K-i  Houty  -so  0Af{) 


Qj  \'t  [l\  *  H  +  %)Cos  £>]  -ci  ( (</•/!•  %oso) 


e 


Transverse  field  patterns  of  these  two  surface  Modoc  art*  shown  in 
I’ig .  2.2.  It  can  he  shown  that  surface  node  solutions  are  possible  only 
when  the  ferrite  slab  is  page o fixed  with  n  binning  angle.  O  satisfying 

A 


i  cos  o  ]  >  [sif^y 


(2.15) 


The  critical  angle,  therefore,  has  two  valuer. •  One  is  equal  to  that  of 
the  nci'ji -infinite  Medina),  another  in  90  degree  larger.  This  jr.  just  as 
expected  fron  the  geometrical  symmetry  of  our  prohlem  shown  in  Fig,  2.3. 

riiynl.ca.lly ,  both  mrf.'iee  Modes  are  identical,  They  cling  lo 
different  slab  boundaries  and  propagate  in  opposite  directions  - 
completely  decoupled  :Iu  a  nediiv.n  unlforn  1  >  *<■  ] ,  In  tii.it*.  and  In  spare 
(along  v.  direction). 

If  O  G>  ,  Kq .  (2.13b)  is  reduced  to  1 1  <  jV’v.un  an  i  Kshbach 


2 

Mode  ’  defined  by 


(>\  (■’  I  •!■  <<;,  o„,  •«•  n ]  2  (u>(:  h  V  i)  | 


(2.1b) 
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The  oilier  limit',  Is  when  tJO— -*  ,  This  in  tin  cam-  when  r(  or 

D  become  very  large  enough  so  that  the  slab  Jr:  essentially  semi-infinite 
in  nature.  Under  j;ucb  cond  i  t  ion,  coth  I  nnd  Uq .  (2.13b) 

yields  (2,/i)  ns;  expected.  For  a  given  1;,  or  oj  ,  Kq.  (2.13b)  gives  a 
solution  of  (x),,  lying  within  the  surf  see  wave  frequency  band 


U)  < 


UV<-  "K 
pi 


[ot>5  O 


.'iV —  <  (0  ub  (2.17) 

v-ltt-sej  "  a 


The  dispersion  relation  (2.13b)  is  shown.’ in  Fig.  2.4. 


2.3  Volume  Modes  In  Finite  Slab 

Previously,  wo  have  discussed  surface  modes  in  finite  slab* 
Because  our  approach  is  essential  general,  nil  equations  cited  before 
arc  valid  no  matter  whether  o(  is  real  or  couple?;.  To  restrict  CO^  to 
lie  within  the  frequency  band  given  by  Kq.  (2,3.6) »  the  dlsperniors  (2,.1.3b) 
ir.  characterized  by  a  positive,  real  C>!  leading  to .  hyperbolic  functions. 
Therefore  tlie  surface  wave  dispersion  has  only  a  single,  branch  rising 
from  the.  top  of  volume  wave  manifold  which  eventually  approaches  the 
upper  limit  at  large  wave  number. 

To  investigate  the  20  degree (defined  for  cur  purpose  to  be  the 
magnetostatic  volume,  waves  propagating  along  the  v.  direction)  volume 
wave  spectrum  in  finite  ferr.-te  slab,  ve  rest. riel:  t:o  lie.  between  the 

following  limits. 


[ 


(2 .  .1.8) 


.  • 


VM  ( ]i  i n  In  i.!j  f  y i  uti 

*  *  » 

•  v.uy  br.i'.d , 
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\  .:vt  ..  ;;  i  :;n  v.  vy  .. 

.1  ;it  !••(•>  I,.  .11* 

,  in  ibv 

'  !  In.Vl'l  ’•»'  j  •  i 
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relation  (2.]'d>)  or  (b.’Ab)  is  t h en  -cha r  «c tec *d  by  the  tangent  function 
instead  of  t  he  hyperhuJ  l c.  tangent  .  Hence,  a  rori.es  of  volume  modes  is 

potis  i  Ml*. . 

i  To  facilitate  tlic  discussion,  we  define. 


h . u£z  R>'4<4,,o> te) 

a-  ‘  "l«>„  0-  u/o) 


o  «  l 


(2.19) 


which  measure'!;  how  far  from  the  bottom  of  volume  wave  frequency  band 
lies.  In  particular, 

fc.  --  O  implies  ( lj,'w  04"  +  ^^^ 

and  “  |  implies  ^  ~  Wp  +  ^  <Lrn 

lie  also  define  * 


■  '  j  P 


fi  -  [ 


1  - 


M,  ■>%*%-•% 


A 


I  l'il 


'A 

I  i'd 


(2.20n) 


(2.20b) 


With  those  definitions,  the  dispersion  relation  (D.lAh)  becomes 


.  s 

\i  [  -i)-i;]l«./3p=  [n.  (i- 


(2.21) 


Evidently  d.t  rre.rcnt  modes  correspond  to  different  solutions  of  p  P 
Kow  \m  label  these  modes  as  follows 


n  <  p  o  <  n  ‘n  .  n  •-  1 ,  3,  • 


(2.22) 


Wh.  a 


o  r.  O  :■  o.  , 


up  have 


If)  0 

4  Cr/S  +  /)  >.  I  >  Q  >  O 

and  there  arc  always  solutions  for  l>j.  (2.21).  However  when 

f)  <  Q  <  T'/  ,  it  follows  that 

o;t  /c 

nnd  we  have;  a  Ri.njjul.ar  point  at 

r«.=’"z(J4i"t‘e+1)  <*.»> 

For  Q~^/^  ,  the  value  of  is  1/2. 

Forutnately,  around  that  singular  point,  "far \BO  changes  f roits 

plus  to  winus  infinity,  lu;nce  |3D  changes  only  slightly  from  6l-  4  c> 

to  (  Vj—  ‘jr  )'IY  (=  for  the  sane  well  defined  i  ode,,  The  dispersion 

curves  join  smoothly  from  each  side  of  that  singular  point  as  shown  in 
the  Fig,  2,5.  Discontinuities  at  such  singular  points  arc  removable  by 
suitable  modifying  our  over  r implied  model  to  include;  spin  wave  losses, 

Fig,  (2.4)  and  Fig,  (2.5)  are  dispersion  diagrams  for  O  ~  ££.r;t 
and  Q  Oc,;g  respectively,  The  propagation.  constant  1;  can  be 
calculated  from  Kqs,  (2.20b) ,  Koto  that  at:  G>-;  O  ,  the  volume  wave 
spectrum  is  suppressed,  while  for  0  Vi!  Qcl;i  ,  the.  surface,  wave 
disappears  completely, 

Being  imaginary,  the  reflected  wave,  amplitude,  is  equal  to  the 
forward  wave  amp!  it udo ,  with  a  phase  change  determined  ’ey  0  t  (J  C  .  nd  • 

D  as  can  he  seen  from  I’.q,  (2.14), 

From  hq .  (2,14) 


110 


via  i  e 


•£1  •• 


’  /) 1  £  { 5 V.  fa: 1  M  1  ™  4'- J  4 :<iW'  H  <*«  0 )]  J 


(2.2.4b) 


So,  bec.nir  i  of  interfere-.'  e,  voir  . ip  modes  have  Land ing  wave  patterns  .In 
the  t  rnnsvt.  me  plane.  From.  (2.24)  ami  (2 .  10a)  ,  m  can  he  solved  to 


he  v  nr'* -fug  in  y  an 

o 


cos  OJ  (f°-% ) 


P.25) 


ftini  .lnrly  cap  rear.:!  oils  can 
Transverse  pattern 
(2.22) ,  are  shown  in  Fig. 
the  top  edge.  of  vo  1  title  rod 

o\  < 


ho  obtained  for  other 
n  for  different  mode;; , 
(2.6),  They  are  drawn 
<..■  manifold,  ie,, 


op 


< 

o 


field  quantities* 
labeled  accord ing  to 
at  fixed  frequency  near 


I 


The  propagation  conr.tanL  k  is  now  a  function  of  0  ,  Although  "fi’  is 
less  sensitive  to  change;;  in  Q  ,  modes  patterns  are  strong  function;; 
of  and  0  ,  For  large  kf>,  approximately  'll  p.  'If  ,  so,  I'q .  (2.25) 

becomes  s  imply 


2.4  Switching 

of  Surface  Modes 

In  a  fen  .1. 

n:  slab ,  all  the  surface,  v 

-de.s  that  can 

cxi.s 

t  arc 

shown  in  Fig.  2. 'A. 

For  O  elfi.se  to  0  or  'If 

there  is  only 

one 

■  unique 

surf.  mde  pr.'ip,’ 

•a  ting  in  n<  p,. stive  direr 

Iron.  As  shown 

• 

in 

Fig,  (2. 

>  p  • 

p  i  1  ; «.  ,  i  1  .O  i:  i  ,  • 

r .  it  :.ui  !  ere;: 

;:p«.e 

r.r  t  o  he 

Fiji.  7.  /;  Mn{;iK  t  i:5t«i('J.c  wave  <H  :;pcrr. ion  curve  for  normal  node 
of  a  ferrite  sJnb  biased  with  |C05©i-'r  jC.CoQ^I, 

The  upper  branch  is  flic  .surface  wave  di r-persion .The 
lower  multiple  branches  are  for  volume  wave  proper 

a 

in  a  direction . 


1 0 


Ftp,,  7,  ;>  Hap.nef'f*:.;  ;s Lie  vo.ht  <  \  ..vc  t!  i  c  o’;'  •!  on  curve  of  a 
f  i V  I  i  i  !'  I  .  i j  b  '  .  '  V  i  I  h  |  I  1  ,  i  l ■  ,  .  •  |  ’ 
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r.witehnblc  fro  i  om;  surfnci  to  the  other  hy  suit  chin;;  the  b J •*: •  Lug 
magnet! c  field  iHvc:d' 'ion. 

>r,  a  spatially  tin  5  form  (along  /  (H eel:  ion)  laiaUun,  the  wave 

number  It  of  the  v.nvv  remain::  Invariant  as  the  il.l  root  Jon  of  will 

v. 

adjust  the  mode  pattern  in  time,  if  O  j  r,  increased  adiabstieu}  ly ,  no 
that  O  is  varying  s3o\?j.y  enough  ;;o  that;  the  an  ccesslng  : . ] . 3 n : .  can 
fo.l  low  M  eon! inuous  ly.  th  c:  node  pattern  of  tin.  v.v.vo  i 3.1  then  adjust: 
itself  smoothly  to  he  consistent  with  the.  5  ns  tan  (  •* neon:*.  geometry, 

A  crude  criterion  to  guarantee  the.  adiabatic  condition  is  0*c'c  (j^0  . 

As  discussed  in  the  last  section,  we  know  that  surface  nodes 
can  be  supported  only  when 

|  >:  \oy,  to  ]  Cos  00,t 

How  given  a  surface  mode  propagating  in  -a  direction  with  the  bias 
an;/,]  c  Q  initially  r.ra]  .1 ,  the  node  %.i  3  i  then  pa:.:;  through  trees'.  erscO  y 
uniform  node,  volume,  node  and  reversely  to  read:  J  t.r  f  inal  surface,  node 
state  wh?.n  (••)  it:  changing  from  nearly  0  passing  tie  rough  it  to 

nearly  ’/(  ,  Graphically,  thin  in  illustrated  in  rip,.  (2. A),  this  process 
can  bo  represented  by  drawing  a  vertical  line  of  constant  ho  in  t;he 

t-f 

dis)  or. si.  on  ding)  an  in  big,  (2.  A),  its  i  nter  sect  .ions  with  tie  <1  >  cpersi.ou 
curves  are  possible  modes.  Men  Q  is  jner oas Jug  fiom  .'.matl  value, 
ft).  will  be  lowered  until  appro:;!',:.  .Lely  egual  [  b-b  (’'  e'*'1' ^  couros- 
pondlng  to  (.0^  (•>  (IC’.X  Ct  and  then  he*  v.  f  r  cd  again. 

Hat  heir,  a  I  !  cal  formulation  of  the  sv.-i.tc'  l  up,  problem  is  tedious  and 
bar;  not  yet  been  curbed  on*  in  detail.  l'voeedur»  ,  •  ncv. !'(  holt.  :  •: ,  are. 
identical  to  th  uy«  d  in  the  sct.ii.;  l.!>.  )"ol  i  >  v*.t  n;  1 5n  d  viv;  t.ion  .5  n 
Ap,  P ,  v  lb:!  all  r  j  tin  >•  '  '  e  )  .  ('It")  :•  t  1  1  I  ! '  >  ■ 
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th  nifil  i mi  !.-•  v.M  .ii  ’  lie!  a  l  c  .ill.  •  1 1  t  itne.  V.ut.  in  this  cane  paramet  ers 
rau'h  nr  Q  ,  f  -!  ,  l'\  atv  time  I  mini i  mis, 

Tim  ]  dine  to  fol  low  Is  as  foil  or:.:  IK  f  forint  late  )'ij.  (1),  10a)  , 
tit  n  use  K'j:  .  (1  • .  9 )  am!  (M.lOb),  ti>  resultant.  equation  is  1  *cj .  (1).  .1.1) 
plus  an  additional  tern  I'Kch  mixes  the  originally  uncoupled  normal  nodes 
and  1 1  it:  produce'-  nave  coup  lint*  and  reflections.  From  this  modi  lied 
coupled  quasi  -no:  uni  mode  ,  equation,  approximate  .solut  ions  and  other 
ne.ce'-sary  info:,  lion  can  he  found.  The  result  id  ri  prppagal: Ing  '.wave  with 
slot  ly  varying  a,  plitude  .  nd  frequency.  The  reflected  wave,  shown  in. 
rip.  (2.3b)  if  we  start  with  the  wave  shown  ir  Fig.  (?.3n),  i:;  expected 
to  he  .snail.  However,  details  have  to  he  investigated  for  O  ^  0G(.;t,  , 
ho  fore  any  pt”  ire  statement  he  made.  s 


o 


ci!A!'T):k  m 


);x!M:in/:i:ATAT,  nnr.uhTS 


In  the*  .Inst  chapter,  m  tp.ncto:  l  at  Jc.  surface  oaves  have  )  ecu 
tl  i  scussed  .  Here  experimental  results  f  row  microwave  pi  use  echo  experi¬ 
ment  is  nrc  presented .  The  s'sr.ple:  used  .are  yttrium  Iron  p.arnel  (TIG) 
sinplc  cryst  al  r.. labs  of  various  shapes.  Kap/.ieto.sU  f.j c  surface  oaves 
VC* re.  excited  by  means  of  elect  ronajjnet  .1  e.  pul  oes  injected  (and  delected) 
by  short  fine  vires  placed  a crons  the  sample.  Tic  fine  del  y  and  in¬ 
sertion  .loss  were  recorded  as  a  function  of  the  appl  ied  i.i.T;;nct. :ic.  field 
at  frccjnencioK  between  3.0  t  o  t, ,  0  G.PZ.  Al  l  exper  ificnts  v.*ero  per  formed 
at  room  temperature, 

3.1  hxpovii.K nt a.i  .Set  Up  '* 

The  title  r  wave  system.  ur.ed  consists  mainly  of.  the  microwave 
signal  sourso  and  t'ne  detection  syslc;, .  The  signals  u.»  ed  are  t.ii cmvavci 
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Shown  in  )*ig.  3.1  is  tin*  nicrovav*  circuit  diagram.  Its  m  in 
fire: 

The.  eif.nul  {.enotat  injj  r.yst  on  consist.'  of  -.  3  land  (  / .  0  to  h ,  0 
(Afrcd  6’iO)  f  ol .'!  on*,  d  l>y  J'lh'  i  loduJ  ator  (hp  A 1  If 
iy  n  pul so  fro*,  a  pulr.  junior:, t  or  (hp  K-jOjA)  ,  is; 
nii  rcv.javo  pt»!  :  1  of  a  :  inirr  durat  ion  of  0.15 
cisjoit  a  ft. •.•nn.it  oi  (Afr  d  110!;)  ;  re  used'.  In  oin 
c  i  ten  V"  t  in  is  u  .  1  a.  .  a  i  sol  at  or  j  the  stub 
are  for  impend. ho  a  v  a  t.eb  i  up, , 

i  • 

ft.'..  :  :  .  a  f  .  •.  •  I  ' 


III ' .  I"  I  '  I 


>:  <*.’  of 


0  i  i '  ■  • ; 


low  noise  IF  amplifier  (which  has  11  (Mb  gain)  end  one  crystal  detrctoi 
a fi  •>  i ubstltutc  for  a  nixvr.  Another  envelope  detection  syM em  has-  one. 
wide  bend,  low  noise  translsl  or  amplif  i  e.r  (AvnnV r h  Ah"*  -■<  O.h '  J/ J  0-5)  and 
n  tunnel  diode  (Ae.rtech  f>11./}l).. 

The  detected  signal.  is  anpl  i  f  red  by  a  fari.  pul.se  nmp3.il  ier 
(lip  4  6?  A)  and  displayed  by  an  otic  ill  oven]  e  (‘fh.-htroii  i  c.c  585.4) . 

3.2  Done i;  iption  of  I'.xper  J.r;u  ntn 

Three  samples  were  used  in  the  experiment  a,  all  of  lie...  Yi.G 
single  crystal  dabs,  For  convenience  of  discussion,  ve  label  then  nr.  r 
Sample  1:  A  circular  dial;  len  in  diameter  and  1.4  i.un  in  thiohiu 
The  Blab  plane  is  (1.10), 


Sample  2:  A  5>:4>;0.5  r.v.  rectangular  flab  with  a  (110)  pi  me-  and 
the  long  dimension  parallel  to  (.100)  direction. 
Sample.  3:  A  8x4.30,5  mm  reutr.ngd  m  slab  with  r  (110)  plan;  and 
the.  lor.g  dimension  para  1 1  cl  to  (’00)  direction. 

All  experiments  perform'd  have  following  econo  try,  Liu;  K  al.wayr 
lie  in  the  (100)  plane,  transverse  to  the  wave  propagation  direction. 
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Since  the  disports!  on  relation  of  napm*' ostet  ‘  surface  \  aver.  i  c  similar 
tn  the t  of  90  dc* roe  .-u^nt  toot  a lie  volunic  v.-ive  ,  the  cuff;  co  waves  rshoul 
therefore  heh;?ve  in  n  nnnner  cirri  1 nr  t  o  that  dc-cribed  Jn  Chapter  I. 

To  excite  the  nnpnetostat ic  surface  wave,  the  energy  in  firr.t 
coupled  in  at  tlu  satr.pl o  edge  an  a  low  k  l.iapm.t .on tad c  node,  An  it  pro- 
pap.iites  toward  rs  the  center,  the  frequency  rent  ins  constant  but  the  \«  ve 
lumber  inc ).  ear  os  accord  In;’,  to  the  dispersion  illation  and  the  ‘‘nternal 
f  i  f  1  <i  value  at  each  point. 
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siynif  leantly  reduced  hy  j  olisbJny  (In;  surface  chemically  using  the  or  tho~ 
phosphoric  acid  under  (.uil;Oi)u  conditions  ' \  *i*o  achieve  the  same  purpose, 
the  second  sample  \M8  polished  Mechanically  usi up.  nylon,  a  kind  of  jelly 
of  SiO,  and  vviter,  which  )'«  ct'.d  cVi*i.i:u.i'lly  \:i  th  t  he  samp lc  surface,  by 
means  of  thi c  simpler  r.yton  j  o  '  j  shi  a;;  process,  we  were  able  t  o  yet.  a 
strain  free  ran: face  hi  t  at  the  ;  ■•icvif r  of  the  cpti'.l  fl  May  :  :  .  Using 
this  sample,  a  delayed  surface.  wave  pul;  o  up  to  1  microsecond  \*,»s  detected. 
The  improved  liricw.idth  van  found  to  ajvprc  iomtely  several  timer,  am;:  1  lex 
than  the  original  value. 

hstpcrlmcnitn  done  on  sample  j  hove  so  far  given  the*  bent  results. 
Although  the  surfaces  are  only  mechanically  polished,  we  have  already 
detected  an  up  to  0 ,(>  .l.l'M.c ,  delayed  pulse  with  reasonably  good  jvul.se  shape. 
Map, ne teat.'; tie  (90  dc-yv oe)  volume  waves  wore  also  observed,  l-Tu-vt  M  was 
tilled  at  an  angle.  a  lit  tle  larger  than  tin  surface  wave  cut  off  angle, 
the  best  volume  mcde  signals  were  dct.ee*  ed  to  have  n  Irani:  .un  delay  of 
2 . 0  unco . 

Qualitatively,  the  internal  field  profile  plays  a  dominant  role 
in  coupling  it  is  tore  efficient:  to  couple  the  t-lectvn.  agneti  c  energy 
.into  t.li  •  lot  1;  i  .ay  r.-' test  tic  moder..  Km  face  co-edit  lew  are  critical  and 
plan",  severe  con:;  Li.  a.iuts  o:  how  long  t.hc  surface  wave  pulse  can  be  delayed 
yet  still  he  detectable.  Usu.  li.y  the  lone, or  the  del;  y  time  the  worse  the. 
pulse  shape  d.re  to  the.  dispersive  prop  ,  rt  ion  rhe.rnct.eri  die  of  nugn  l:o~ 
slatie  i  nlu  .  hon-rivf pi  i  city  of  suifrr.o  vavi  ,  h  ivn  also  hern  observed  in 
re:  i :  .  t:  i  on  v  it  h  l  In;  theory , 
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All  (•  pi-rir  it:.  were  done  at  reoi:i  tc.^rnlurc  vi th  the  £eo!:i?.trJ.~ 

cal.  oonf  :iftur.st  ion  r.hovn  In  rift.  3.7. 'J’hc:  external  nayne-tlc  field  waa  appli- 

c  !  oit’n  r  pni*i!  1  lei  l.o  the  slab  surface  (  (5  *•  (>  )  or  lilted  (  O  -V  O  )  at 

;;n  aspic  with  ve.npccl  to  slab  fturface.  Kccaumc  of  tin;  ilor.mftmttif'J nft  field, 

tlu'  int: f  ii:'.  i  t.y  on  1  .inclination  .-  n,,le  cj>  of  the  external  applied  field  11 

:\ i-  o  d  l  i.  f  tv  cut;  fro:  Q  nr. '  11  .  'flic  appropriate  relation?:  are  yivtn  hy 
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)'<;■  .  (i  ')  i:i  Apper.d  :  )', 

]-' i «» .  ft, 4  }i1i,.v.  the  C ii  :•  t  order  dou  iftnot  i  a  hp;  fie  ld  calculated 

;  ocfi'i!  ii  .  to  I'u,  (ft. ft)  * . 1 1 ■  !i  the  Held  j.s  app.1  f »  d  parallel.  to  the  fill  b 

,  1 1  <•  n  1  in.  on  f  i  tun  1 1  •  •  fiftu.e  that  l  ho  internal  field  profile 

i  id.  :  i.l,  ft,  I,  v.’.  'h  1  tic  (Vi-  i  that  lurch  .-'.iplo  ft. 

1*  j  .  (ft. ft)  co  (  to)  a  i  e  <  nt  1  data  .lor  sample  ft  rot, pa  red 
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arv  oh  airs  ’  .  I  Inp.hei  ;  -plied  field.  At  lo*.*  fields,  *  5m:  sample  ir, 
usually  not  s.  tin  at  vd. 

The  I'ij,.  10.30)  shoe*.*;  t3n*  »•  ■>:  4.  aril,  ton  if  e:-:  peril?  nr.il  cut  off 
tlulda  of  .  ,  :to  tat.  io  'in  fact:  v  v.*s  an!  90  decree.  volu  <:  waves  pro- 
p  ;;at  in,"  a  j  o;  ,  •/.  direction  with  theoretical  predictions. 

C  il<  1  !  Jonr.  (  ..  these  cut  off  fields  are  ftlvcn  in  Appendix  A  and 

11.  The  ani:  ot  ropy  fields  are  added  mul  the  dcmapi.atixln"  fields  are 

•1  *  ^ 

Introduced  t:\nip.h  l  ,’c  deanoacti  :*infl  factors  b::„  an  t  !:v  (see  Appendix  L) , 
Tile  dotted  curves  cor  reap  one  to  j\|  >  0.02.  ar.d  O-  Q'{  .  Tlie  solid 

curves  correspond  to  !v  *.  and  O.Q?  • 

'»  /a 

'flic*  .sample  2  is  a  5 -s.fi >:0,  5  :  YJG  crystal  slain  Or  iginally  the: 
slab  surf  rices  v  re  meeh  .sicalJy  polished  to  he  optically  flat,  With  that 
hind  sample,  no  d  elect,  able  pulse  villi  icortv  th  a  0.3  sec.  de.lay  time  ve.re 
observed,  l.’li  n  flic  san.  :  rr.plc  was  polished  with  sy Lon,  better  sippsvi  s 
\;e!v  detected.  Results  are  presented  in  }'ij;s.  (3.11)  to  (3.1/0,  basically 
th  v  five  the  «r  3ft  inf  on,  then  as  previous  figures  for  sample  3.  However, 
in  (3. 1.1b) »  l-lie  uir.p.lc  occurs  at:  about  0.3  sec.  delayed  from  the 

o  ip.inal  puls  1  r,  the  echo  travel ins  around  the  sample* ,  so  it:  bus  a  time 
delay  three  time;.  .Ion;;*  r  than  that:  of  the  first  delayed  pulse » 

The  FI;;.  (3.1?)  sliov’s  t.liat  v?  have  J.uss  over  til),  insertion  .losses, 
estimated  to  be  about  .1:1  when  the  jf.iv.pl o  is  polished  chemically  with 
ay  ton.  In*  /ij;.  (3.3.4)  tl  -  dot  ted  curves  arcs'  calculated  with  U  >• ,,s  O  and 

t'.l’v  1 .  o  >  the  solid  curves  are  cal  eclated  with  |\|?'  "*0.0?.  and  AJ  ?;■•••  Of 0r(. 
*c  f0 
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L o y e  .vasnetostatic  surface  wave  nulaes  at  3.9  3. 

■jerironts  were  done  or  a  3>:4::0.5^-  single  crystal 
tlx  nn  external  apnetic  flw-lu  II  a  riled  parallel 
1  K  surface#  Tue  in  rut  cl  *r“l  rover  lr.crcrsi  r 
I  to  c)  •  (a)  3  lOV.'fj  t'  e  trrre  it  ted  si',  1  sit 
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(•)  Hp  n  566.50* 


jnetostutic  surface  ware  pulses  at  3.9  3«Hz.« 
experiments  were  done  a  5x4x0. 5uo  single  crystal  YIJ 
slab  wlti  ixn  expefTiSd  fleii  fcpmleft  rmrAlt 
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to  the  slab  surface. 


o  cws  the  transmitted  alynal 


It.  ne;ll-ible  delay  tine.  T1  c  scale  *  0.2Jlsec/eu 


3.12  Delay  tine  of  r.asn  etc  static  surface  wave  at  3.9  G.KZ.  for  the  sample  2.  The 
external  field  is  applied  parallel  to  the  slab  surface. 
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Tlic  unified  normal  inode  approach,  originally  developed  to  study 
volume  magnetostatic  spin  waver: ,  is  extended  to  the  cfane  of  surface  waves. 
It  is  shown  that  non-reciprocal  surface  modes  exist  in  a  transversely 
magnetized  ferrite  slab  only  when  the  frequency  lie  inside  a  well  defined 
band  above  the  famous  volume  mode  manifold  and  when  the  medium  is  biased 
below  a  critical  angle, 90  degree  volume  waves,  nevertheless  always  exist 
and  therefore  bridge  the  gap  when  the  medium  is  nearly  normally  magnetized, 
under  such  condition  no  surface  wave  can  be  supported.  Switching  of  sur¬ 
face  modes  by  varying  the  magnetic  bias  direction  appears  possible  although 
details  have  not  yet  been  worked  out. 

Experimentally,  non-rcciprocal  surface  wave  propagation  was 
observed  in  a  YIG  single  crystal  slab.  The  slab  was  transversely  magnetized 
in  a  nrbirary  direction  and  excited  at  3.0  to  4.0  G.llZ.  with  fine  wire 
antennas.  For  low  frequency  excitation  the  reaonance  field  is  low,  so 
there  may  be  incomplete  saturation  of  the  sample.  At  high  frequencies 
there  will  he  large  spin  wave  attenuations.  The  optimum  choice  of  operating 
frequency  is  a  compromise  between  these  two  limits.  In  our  experiments, 
we  usually  observe  clearer  signal?:  at  high  frequency  and  within  S  band 
(2.0  to  4,0  G .  . ) .  • 


The  surface  v.'avc  propagating  along  a  mechanically  polished  sur¬ 
face  attenuates  very  quickly,  due  to  the  residual  strain  left  on  the 
surface.  However,  this  thin  strained  layer  can  be  removed  by  chemical 
polishing  methods  which  can  reduce  the  surface  wave.*  lino  width  considerably. 

The  critical  angle  was  observed  to  be  about  SO  to  S5  degrees 
which  corresponds  an  externa]  field  angle ’of  about  70  to  80  degrees  with 
respect-  to  the  slab  ;  ur face.  Th.  ref ore,  t  o  st/i  toll  i.'fi'tc  lent ly  the  .cur face 
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wave  propagating  along  one  surface  to  another  wo.  should  need  a  switching 
field  parallel  to  the  slab  surface  with  about  3000c  peak  to  peak  amplitude 
in  addition  to  u  DC  perpendicular  bins  field.  '  •  ’ 

It  is  also  wortkwliile  to  notice  that  surface  waves  merge  smoothly 
into  volume  wave  band  arround  that  critical  angle.  So,  properly  biasing 
the  ferrite  slab,  it  will  be  possible  to  transfer  the  surface  wave  energy 
into  volume  wave  energy  and  vise  versa  by  providing  a  switching  field. 

It  was  reported  recently  that  strong  Bragg  scattering  of  light  o' 

23 

from  coherent  spin  waves  at  microwave  frequency  was  observed  in  a  YIG  bar.  . 
Because  there  is  no  reason  why  surface  spin  waves  can  not  interact  with 
light,  it  is  expected  that  the  light  probing  will  definitely  serve  as  a 
powerful  tool  to  gather  information  which  otherwise  may  not  be  obtainable. 
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APPENDIX  A 

DISPERSION  RELATION  OF  SURFACE  WAVES  WITH  ANISOTROPY  FIELDS  ADDED 


In  Chapter  II,  the  ilispersi.cn  relation  is  solved  when  both  exch¬ 
ange  and  anisotropy  fields  are  neglected.  The  neglect  of  the.  exchange 
field  is  justifiable  when  we  operate,  in  the  magnetostatic  region.  On  the 
other  hand,  ttie  total  anisotropic  field  is  by  no  means  small  in  practice 
compared  to  the  total  resonance  field,  especially  when  the  DC  magnetic 
field  is  biased  to  be  parallel  to  the  slab  surface.  Here  a  corrected 
formula  is  derived  for  semi-infinite  medium.  The  geometry  of  the  problem 
shown  below  corresponds  to  the  YIG  crystal  used  in  nil  experiments  dis¬ 
cussed  before. 

A  ir 


f  J  00) 
\ 

\ 

\ 


Fig.  A.. I 

The  DC  as  well  as  the  small  signal  anisotropy  field  Js  related 
to  it  by  a  tensor  operator.  For  the  geometry  given  above  they  are 

k  =  X  Mj  tnj 


J-3 


2,3 


(A. la) 


who  re 


N . 


O 


(A.. lb) 


-‘*•**3^  , 
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k|  *="  K1  =  O 

1  ??  *  32 


(A.lc) 


Hp"  ^L0-iw’*®) 


(A. Id) 


(A.lc) 


18 

ns  given  in  p  150  in  the  reference  ,  Correspondence  among  indices 
and  coordiate  system  are  1  x,  2  *♦— - >- y,  3-+— *-z.  For  YIG 


ZK 


M 


-  -  -  50  Oe. 


Considering  Eq.  (A.l)  following  replacements  should  he  made  in 
the  equation  of  motion  Eq.  (2.2). 


-l' 
I 


h 


Hi  +  1-1, 

h  +  h 


Correspondingly,  other  equations  in  section  2.1  should  be  appropriately 
modified.  The  boundary  condition  Eq.  (2.14)  io  changed  to 

kz-M 


W,  cose  1 1-  H,. )  “  J  1»1 


C  A .  2  ) 


,A'k 


Carrying  out  same  procedure  outlined  in  section  2.1  we  get 

LOK-  (l-  'i,  )"£a>so  i-  { [l-ij.-  0-  ?■'!,)  “j’ft.-o]  -  -fi-J  J 


where  «*>,'  -  y.  ( Ui  +  W  ) 

This  is  the  modified  dispersion  relation  giving  (0  implicitly  as  a 


function  of  O  ,  II;  ,  and  the  anisotropic  paramo  ter  K!ri  . 
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APPENDIX  » 

DELATION  BETWEEN  INTLl'NAL  AND  EXTERNAL  FIELD  ANGLE  IN  THE  TRANSVERSE. 
PLANE  03'  A  FERRITE  SLAB 


Consider  the  following  geometry  nscd  In  experiments, 
Ain 


Fig.  B.l 

Because  of  geometrical  demagnetizing  fields,  the  internal  and  the 
external  field  will  not  he  aligned  along  the  same  direction.  For  an  ellip¬ 
soidal  sample 


N*-M 


(B.l) 


where 


and 


N  = 


Ny  on 

f  0  4 

O  ,  bit  O 

A  / 

o  ,  o,  m; 


(B.2) 


(B.3) 


MJ/  m;/+  i 

If  a  ferrite  slab  is  infinite  In  X.  ,  and  "4  direction,,  then 

nC-~  i  ■,  n;=hv-=o 

)t'  °  • 

Si.l.,1  ,  (]'.  X)  and  (H.2)  is  till  approxi.unt  e.l  y  apply 


■Bn t  lor  a  finite 


14 1 

with  suitably  chosen  |\l^  and  ^  .  T.n  that  ease, 

M.  Sin^  -=  (H;,+  M".  M)  Sin®  ,  (Bi4) 

H.COS0  —  (Hi-+ 

Note  In  Eqs.  (B,4)  v.’e  have  ignored  the  fact  that  Cor  °  ,  M  and  Hi 

are  no  longer  aligned  either.  Tor  the  case  )  M.%)  ,  functional 

/p  *v  A> 

relations  among  parameters  in  Kqs.  ()i. 4)  are  plotted  in  Figs.  (B.2),  and 
(B,3)  for  reference. 
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HATIJKMATU'.AL  TREATMENT  OK  SURFACE  MODES  SUPPORTED  BY  A  SEMI-INFINITE 

rKKHITE  MEDIUM 

Tills  appendix  servos  ns  a  supplement  of  section  2,1.  Many  mathe¬ 
matical  relations  leading  to  the  results  discussed  in  that  section  are 
given  In  detail.  The.  geometry  of  the  problem  is  shown  in  Fig.  2.1.  The 
relation  between  the  two  systems  of  coordinates  (xq,  y^,  zq)  and  (x,  y,  z) 
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0)50  j  ~S'>r>0?  o 

U>$Q,  o 

O  /  O  y  \ 


X 

y 

z 


(c.l) 


The  torque  equation  for  ferrite,  when  explicitly  expressed  in  (x ,  y,  z) 
coordinate  system  is 


V.k  ••••  o 

YY)y  ""  t~L'0  Wt  "h  l-0,n  bz 
-  to,  Y0f  '**  <4n  h- 


(C.2) 


Within  the  magnetostatic  approximation,  the  dipolar  field  and  the  magneto* 
h  t  a  t  :i  c  p  o  t:  e  n  t  i  a  .1  sat  i  s  f  y  % 


ii  •••  '  *74> 


(C.3) 


and 
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.  -  -|V  y.  <  o 


(C.4a) 


V'i  •  •  v '  m 


'<’r 


Vv>o 


(C./ih) 


/ 

The  plane,  wave  solution  we  are  looking  for  Lakes  t.l i e  followl ng  form 


where 


and  c( 


where 


hoc a use 


Vs’!  thou  f 


cp~ 

.  • 

for 

%>o 

(C. 5a) 

for 

i,™ 

(C. 5b) 

Rr 

t 

->•'  hi + 

(C.6) 

•zzz 

-  jo}  5i A,  -1*  (-j^)C0SG> 

*/  +  1 

»  i 

tx>  are  constrained  by  a  relation 

given 

later. 

For  the  air  region,  continuities 

of  <fi  ( 

>.nd  h 

Si 

require 

that 

jr\ 

kj 

i! 

RcC-j-^r  e^) 

for 

i l<° 

(C , 7a) 

fe[ 

•• 

foh 

%<o 

(C.7h) 

-  ly  ^  +  1 7  '7* 

(C.8) 

"  fy*5in0  4  "  i</ 7  + 

lv.  J'z 

of  Fq. 

(C./ta),  we.  have 

1  **  1 
\<y  'R 

k/  -  o 

(C .  9a) 

loss  of  generality,  we  w!  1.1  choose. ' 
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To  make  ])  in  (C.  7)  d.  ay  in  -y  direction,  1c  must-have  negative  real 


part.  The  re;  non  for  t Ills',  choice*  v: J  11  become  clear  later.  Together  with 
I'.cjs:.  (C.l),  (C.  !<!•),  (C.  /’h)  ant!  (C.9b),  the  boundary  condition  on  y  *-  0 


/  r  -  \  •* 

„  — 

( h  1  yn  ) '  Jy. 

1  .  .  J 

o t 

1  ’  L) 
*0 

tales  the  follow  hit;  form 

yri  r  or>  o  —  j  rnz 


(c.10) 


(C.U) 


The  coiitraint  (2  .14)  selects  from  oniony  nil  normal  modes  In  the  infinite 
medium  those  that  can  exist  in  the  geometry  shown  in  Fig.  2.1.  ;  it  also 
determines  the  dispersion  relation,  normal  modes  in  the  swi  "infinite  medium 
can  he  obtained  by  substituting  (C.5b)  into  (C.2).  After  some  algebra,  • 
we  find 
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(C. 12) 


(C.llo) 

(c.l 3b) 

(C .13c) 

(C.l 3d) 
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In  order  to  diagonal ::<z  (C. 12) ,  define 


*  s 
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Q  “j  ^  ;  £ 

f  *i 
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t232 

’  2  j  I--  (F«i)v' 

~ J  ^  j  "“£• 

>  ) 
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Thus 
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=  F* 

- 1=  ,  p 

m, 

fit 

*  « 

Q+3tJ^<  ,>  G~ju\ 

*  ✓ 

**■  ,.  ^ 

.With  this  transformation,  (C.12)  is  reduced  to 


f  *  s 
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f  .  ’  > 

JH  ,  o 
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\  / 

O  ,'jwk 

^  <* 

where 

oj,  =*  (c  r-  [«>„“+  u\  “i 


IV" -.!>«£> -1 

J 


(Ct 14) 


(C. 15) 


(C. 16) 


(C. 17) 


or  equivalently, 


,  _  .4.  f  ]  h ,  \ 

^  '  l  u^-u^-^eaS  J 


(Ct 18) 


The  constant  0?  in  reel  only  when  0)K  it j.  largo,  than  Kqo# 

(C,  1C)  implies  two  normal  nodes  solutions  in  a  neni- infinite  ferritn 
medium,  they  are 

(Ct  19a) 
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\'c.  suhnt  i  t.ut.(  (C.J'Ja),  (C.lii)  i.nt  u  Kq .  (C.ll).  The  first  mode 

Implies 

I<7 


(  l0<>  *•  lJh  h-ir)co^ 


(C, 20) 


Together  wj  Lh  l;q.  (C.17)  the  dispersion  relation 


H  ~ 


(OyV  <<-\ 


UL 


•  cvso  +  _ 

Z  ?.  CoS  o 


(C. 21) 


subject  to  the  constraint 


\<z  t  ^ 


I  <  l  ~  °{ 


uu 


t «h  0 


(C. 22) 


The  (second  node  cannot  satisfy  F.q,  (C.ll).  But  it  can  he  shown 
that  it  Is  the  surface  o t go anode  propagating  in  positive  ?■  direction 
nlon;;  y  **  0  surface  shown  in  Fig.  2,1,  if  yQ  <  0  region  io  filled  with 
ferrite  while  >  0  region  is  free  space.  In  that  case  the  boundary 
condition  (C.ll)  instead  becomes 


TOy  ws  C>  -j  % 


(0.23) 
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MATHEMATICAL  TREATMENT  OF  NORMAL  MOPES  SUIM'ORTH))  BY  A  FINITE  FKKIITTH  SLAB 


This  appendix  serves  ns  a  .supplement  of  section  Matliewiaf.  j cal 

procedures  used  follow  c1  os  fly  those  in  Appendix  C. 

For  a  given  ferrite  slab  magnetized  in  an  arbitrary  transverse 
direction,  the  plane  wave  solutions  of  tire  potential  conation  (C.4)  in 
the  ferrite  region  are 

cv{y-D)"\  -  j  l<*  *7 


'2----  %  e^^’’03}  eJ  <l*°^ 

cp  -  j-^e  ***  0>]e' 

h“Reit  'T  1?  £  •  J«  j 


(D, la) 


(D. lb) 


(D.Jc) 


where  v?a  def  ine 
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(D.2a) 


(D,  ?.b) 


Mote  that 


For  the  all*  region  yt}<  0, 
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For  the  -dr  region  y  >-D’> 
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where 
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Note 
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(D,7n) 


(<y 


j  Me 


(D. 7b) 


The  propagation  constant  U  la  negative  as  before. 


Use  Kqs.  (D.la),  (D.lc),  (P,3b),  ft), 7b),  continuities  of  magnetic 


flux  across  y  »■  0,  and  y  «  D  surfaces  give  .two  constraints, 
o  o 


On  y  >=  0  surface  v;e  have 
'o 


CV  f0l^fyc^°  J)0fyCt‘3O“j®r*)e  —  o  (R-^) 


On  y  •=  ])  surface  v>e  have 
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InslJ-  1 h  f«.  i  *  '(<  i.un'it:  the  torque,  equation  (C,2)  apjd :!  es 
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separately  to  the  forward  ami  tlie  reflected  wave.  Replacing  of  by  '-'o’  » 
G  hy  -G  for  reflected  wave,  lujn.  (C.14),  (C.15)  and  (C,.H>)  then  lend  to 
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Where  it;  given  in  Ktj.  (C,.l7)  and  K.  1*.  C  are  defined  in  (C.13), 

There  are  two  modes  ponsihJ i.  tlcec  vipled  in  n  mrdJun  uniform  both 
in  time  and  apace. 

The  first  node  correspond.'-'  to 
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(n.12) 


Upon  substi tut.ion  Kqs.  (D..12),  (D.10)  into  the  boundary  condition  (D.9), 
we  have  two  coupled  equations . 

V-% '*,<**&]  .  (D.13a) 

+  flr,  [(&•*  d  )  -  U>oO>S0)  -ty  W,«50]aJ^o 

flp  {fc^)L^qcose)-t^u)na>*d]^‘D  (D.13k> 

+/J  n  [K— 0/ni  -1-  h  o>to)  -t-iz,  ivn  cos  Q~j-~  o 

Set  the  determinant  of  12q .  (D.13)  equal  to  ■  zero,  then  together  with 
Eq.  (C.17)  the  dispersion  relation  ran  be  shown  to.be 


f  0 -*X)L  I *  X&s'&y  ££ %L>io  +f|  -fc „),  do 

I?/ 


(D.lAa) 


-  2  pi, 


The  susceptibility ^ is  defined  in  Eq,  (1,9a)  by  putting  , 

Explicitly  Eq,  (D,14n)  becomes 
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U)»  cos’o  Y  U\  td|T)  O \r  OrJ  ©)-  2  0o'~  <4 *)>0  (D  * 1  ^ 


Combining  Kqs.  (D.lVic)  and  (D.15)  givey  the  condition  tli.it  the  surface  wave 
solutions  exists  only  is 
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Ratios  of  nil  field  quantities  involved  can  easily  be  solved  from 
Rqs.  (D,  10b)  and  (D.13).  They  are 
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The  second  mode  that  can  be  supported  by  the  ferrite  slab  is 
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Kqn,  <b.l7)  apply  directly  to  tie  second  i/.ndo  with  proper 
Modification,  do.,  change  o[  to  -  <{  ,  ^  to  ,  mil  index  1  to  2.  The. 
dispersion  relation  (D.JVi)  in  valid  in  both  c.i:  >■!..  ,  * 
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